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Chemical Equilibrium in Vapour of a Mixture of Hydrocarbons. 

By H. A. Wilson, F.R.S., Rice lastitute, Houston, Texas, U.S.A. 

(Received December 2, 1932.) 

In previous papers* tiie writer has considered cluunical equilibrium in 
mixtures of paraffins and unsaturated hydrocarbons. The th<>orelical (‘quih- 
brium compositions at different prc^ssures and temperatures were compared 
with results obtained in commercial t^racking operations and it was concluded 
that the theory represented the main featiu*es of such cracldng. 

The hypothetical oils considered wen* supposed to contain only paraffins 
and xmsaturated hydrocarbons and so differed from real oils which also contain 
naphthenes or cycloparaffins and aromatic hydrocarbons. The hypothetical 
oils therefore contained a higher percentage of hydrogen than real oils. For 
example a hypothetical oil of composition CHg.i was found to correspond with 
heavy crude or fuel oil. The percentage of hydrogen in an oil of composition 
is 14*9 while heavy crude oils usually do not contain more than 12 or 
13 per cent, of hydrogen. The percentage of hydrogen in naphthenes is 
14-3 BO that hypothetical oils containing naphthenes will contain less hydrogen 
than paraffins but will still contain more hydrogen than actual oils. 

In the present paper naphthenes and aromatic hydrocjarbons are considered 
in addition to paraffins and unsaturated bodies. 

The equilibrium composition of a mixture is independent of the process by 
which equilibrium is reached so that any hypothetical reactions may be 
imagined to occur and the equilibrium composition calculated by means of 
them, 

* ‘ Proo, Boy. Soc./ A, vol. 116, p. 502 (1927) ; vol. 120, p. 247 (1928) ; voL 124, p, 16 
(1929)* Thiwo papers will be denoted by E 1, B 11 and E UL 
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Chemical equilibrium in a gaseous mixture of naphthenes only will be dis* 
cussed first. The equilibrium constant of the reaction 

is given approximately by the equation 

log log == 0, 

wh(?re denotes the partial pressure of Log K,, is nearly equal to 

zero, as in the case of similar reactions in any homologous series of hydro- 
carbons, because the properties of a hydrocarbon containing n carbon atoms 
are approximately the means of those of similar hydrocarbons containing 
n — 1 and w + 1 <‘arbon atoms. 

We have therefore qjlq„-iq„+i = 1 so that qjq„-.i = The 

partial pressures therefore form a geometrical series and q„ = 9a/” where/ 
is a proper fraction. The total pressure q is therefore given by the equation 
q z==: qj[l — /). The equation 9„ = 93 /”““® the equilibrium condition in 
a mixture of naphthenes. If other hydrocarbons are also present this con- 
dition must still hold, but, of course, qj{l — /) will not l>e equal to the total 
pressure but only to the sum of the partial pressures of the naphthenes. 

Now consider the reaction — CmHam + The equili- 

brium constant of this reaction is given approximately by the equation 
Mn-mkn = T + D wherc T denotes the absolute temperature and 
D is a constant * The change of internal energy must be very small and so 
has been put equal to zero. Putting q^^ = we get log log T -f D 

or since q^^q{l log q (1 '~/)//® == log T + D. According to tliis the 
value of / and so the relative amounts of the different naphthenes in equilibrium 
is determined by the temperature and pressure of the vapour. The vapour 
has only one independent constituent and so according to the phase rule its 
composition is determined by the temperature and pressure as in the case, for 
example, of water vapour. 

Now consider a mixture of paraffins and naphthenes. The equilibrium 
constant of the reaction is given by 

the equation* === logT + C, where j7 denotes the partial 

♦ The equilibrium oonstant Kp of any gaseous reaction, when the change of heat 
capacity at oonstant volume i» assumed to be smail is given approximately by the 
equation log Kj, ^ — AU/KT + (An) log T f C where AU denotes the change of 
internal energy and An the change in the number of mols. For a reaction in which one 
molecule dissociates into two An as 1 so that log ^ AU/ET + log T + 0. When 
the numbers of chemical bonds between the carbon and hydrogen atoms are unchanged 
by the reaction AU is very small so that log Kp = log T + C approximately. 
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pressure of the paraffin The partial pressures of the paraffins also 

form a geometrical series so that ^ where /' is a proper fraction. 

The above equation for log Pn^mVmlPn therefore gives 

(ifs / iog T + a 

Comparing this with log^a/’"^ logT + D we see that if f, f\ C and D 
are all constants independent of n and m, which we are supposing is approxi- 
mately the case, then we must have / ' — / and C — I), 

If p denotes the sum of the partial pressures of the paraffins and P the total 
pressure so that P = p + ? we have, since 

q T/V/(l ^-/), P p + T/«a/(l 

where a == e^. 

The mixture of paraffins and naphthenes has two independent constituents 
so that to fix the value of /in the vapour it is nc(?essary to know the pressure, 
temperature and the relative numbers of carbon and hydrogen atoms present. 
If vapour and liquid are supposed present then, since the physical properties 
of naphthenes are very similar to those of paraffins containing the same number 
of carbon atoms, the vapour pressure of a mixture of paraffins and naphthenes 
must be nearly the same as that of a mixture of paraffins provided the fraction 
/ is the same for both. 

The values of the fraction /given in E I for paraffins with vapour and liquid 
both present will therefore be approximately correct for a mixture of paraffins 
and naphthenes under the same conditions. The chart in E I gives the values 
of X 4 — 2/ at any temperature and pressure, so that the total pressure q 
of the naphthenes could be calculated by means of the equation q == Ttt/®/(] — /) 
if the value of the constant a were known. The molecular fraction of naphthenes 
in the mixture is equal to qjP wluirc P denotes the total pressure. 

The ratio of paraffins to naphthenevS in gasoline varies considerably but is 
frequently about 2, so to illustrate the variation of the naphthene fraction with 
pressure and temperature, indicated by the theory, we shall assume that at 30 
atmospheres and 800*^ F. the naphthene fraction is 33*3 per cent. 

The value of / at 30 atmospheres and 800^^ F, is 0^8 so that taking y = 10 
atmospheres and T 700^ K., we get 10 700a 0 •83/0-2, which gives 

Using this value of a the values of the naphthene molecular 
percentage given in Table I have been calculated. Since a ^ the constant 
C is equal to —6*2 if a — 1/179. 
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Table I. — ^Liquid and Vapour both present. 


Temperature. j 

15 atmospheres. 

30 atmospheres. 

60 atmoej^res. 

700 

36 

23 

9 

800 

80 

33 

13 

900 


45 

18 

1000 

— 

- 

24 


The equilibrium theory tliereforc indicates that with liquid and vapour 
both present the naphthene fraction inirri'ases with temperaturcj but falls with 
the pressure. 

It is stated in Cross’ handbook of petroleum that the yield of naphthenes 
increases with the pressure, but the writer does not know' of any experimental 
results which support this statement. In commercial liq\iid phase cracking 
higher temperatures are usually used at higher pressures. It is shown 
below that with vapour only present the naphthene percentage indicated 
by the theory docs increase with the pressure. 

The equilibrium constants of the reaction 

(Naphthene) 

and the similar reaction 

(Olefine) 

are given by the equations 

and 

Pu-mp'mlp„ " 7400/T + log T + C', 

which give log qmip'm — T400/T C — C' where p'„ is the partial pressure 
of the olefine This equation gives the equilibrium constant of the 

reaction If we take 0= — 6 ‘2 and C' ~ 3 we get 

(Olefine) (Naphthene) 

iog Qmip'm 7 400/T — 8 ■ 2. At 900° F. or T = 766 this gives log = 1 • 6 

so that qmip'm = 5 approximately. 

The naphthene percentages at 30 and 60 atmo-spheres and 900° P. calculated 
above arc 46 and 18 respectively so that the percentages of olefines should 
be about 9 and 3 ’6. The percentage of unsaturated bodies, mostly olefines, 
obtained at 900° F. and 60 atmoijpheres is supposed to be about 6, and at 
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900*^ F. and 30 atmospheres it is said to be considerably greater than 6 but less 
than 20 . Thus taking the constant C = — 5*2 appears to give unsaturated 
percentages of the right order of magnitude. 

If unsaturated bodies are supposed present the paraffin and naphthene 
fractions will, of course, be reduced. The theory given in E II gives the ratio 
of unsaturated bodies to paraffins and the theory in the present paper gives 
the ratio of naphthenes to paraffins. If paraffins, naphthenes and un- 
saturated bodies are all supposed present then their percentages can be 
easily calculated from the theoretical ratios. Since, however, the percentage 
of unsaturated bodies is usually small in practice, in liquid phase cracking, 
and since there are no reliable results on naphthene fractions with which to 
compare the theory it does not seem worth while at present to make calcula- 
tions of the fractions when all throe sorts of hydrocarbons and both liquid and 
vapour arc supposed present. The methods outlined in this and the previous 
papers can be used for such calculations whonev(>r it seems desirable to make 
them. 

When only vapour is supposed present the value of the fraction / for a 
mixture of paraffins, naphthenes and imsaturated bodies is determined by 
the temperature, pressure and composition of the vapour. 

It is shown in E III that the number of mols. of carbon in vapour of a mixture 
of paraffins and unsaturatcd hydrocarbons, containing M mols. of CH^, is 
equal to 

M , yM 

(1 U -/)(!“ 2 /)^' 

where y is the pressure of the unsaturated bodies divided by the total pressure 
and is given by y — ^ — Vj — (1 — 0 ^ P* pressure and 

log K - 7400/T + log T + 3. 

If the vapoiir also contains naphthenes of pressure q, and the total pressure 
is P, then p' in the expression for y must bo replaced by P — 7 and 

g=:.Ta/V(l -fy 

The number of mols. of carbon in the naphthenes in a volume V can i^mly 
be shown to be equal to kq (3 - 2 /)/(l -/ ) where k =- V/RT. The pressure of 
the paraffins is equal to P g — y (P y) — (P — ?) (1 y) *tat the mols. 
of CH 4 in the vapoiu is equal to A: (P — q) (1 — y) (1 ““/)• 

The total mols. of carbon in the vapour is therefore equal to 

fc (P q)j{l ^f) + Ay (P - ?)/(! - y) + Ag (3 -- 2 /)/(l */) 

or 

* {P (1 ™ y/)/(l -/)(!- y) “h ? (2 - 3y)/(l - y)}. 
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The number of mols. of hydrogen in the paraffins and unsaturated bodies is 
shown in E III to be 


f 1 , 1 1 

1 _.y ’ 


so that since the mols. of H in the naphthenes Is twice the mols, of C we get for 
th(^ total mols. of H 

?)(i y)|j37+(T37^j +-Y=/ ’ 

or 

If denotes the mols. of H in the vapour per mol. of carbon so that the com- 
position of the vapour is 011^, t hen we have 

-■»-W,Tt3f5»S5#=?il- 


or 


This equation together with y 1 ^ K/V(P — q) (1 — /), 


log K - -^7400/T + log T + 3 and q Ta /»/(! 


are sufficient to di^tennine / at any temperature T and total pressure P 
when X is supposed known. 

Instead of trying to calculate / for a given value of x it is much easier to 
calculate x for a Beries of values of /. Table II gives some results obtained in 
this way. The naphth<*ne fraction is equal to g/P and the unsaturated fraction 

Table II (a). Temperature 800^ K. (981° F.). Vapour only present. 


PresBure in atmospheres. 



15. 

16. 

1 

16, 

1 

15. 

1 

30. 

30. 

30. 

* In CH, ’ 

H, per cent 

FaraflTms, per cent 

Naphthenes, per cent 

Unsaturated, per cent 

2-79 I 
18-8 i 
0'50 
86-99 
7*40 
6*56 

2*49 
17-2 
0*«0 i 
73*3 1 
16*1 
10*6 

2 33 
16*2 
0-66 
00*9 
23*4 
16*7 

2 00 
14*3 
0*70 
33*4 
33*2 
33*4 

2*38 

16*6 

0*70 

73*6 

17*1 

9*4 

2*24 

16*7 

0*76 

60*7 

26*2 

14*1 

2*00 

14*3 

0*80 

80*9 

38*2 

30*9 
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Table II (6). — Temperature 900° K. (1161° F.). Vapour only present. 


Pressure in Atmospheres* 



16. 

15. 

16. 

1 

30, 

30. 

60, 

60. 

120. 

j 120. 

X in CHfls 

2-53 

2-36 

2-00 

2-2.3 

2-00 

2-18 

2-00 

2-11 

2-00 

H, por cent 

17-4 ! 

16-4 

14-3 

15-7 1 

14-3 

15*4 

14-3 

16-0 

14*3 

/ 

0*60 

0*63 

0-56 

0-05 

0*665 

0-75 

0-766 

0-86 

0-855 

ParaeinB, per cent 

Naphthenea, p(^r cent 

Umaturated, per cent 

70-9 

eo-9 

43-8 j 

66-8 

42-7 

59-6 

42-0 

51*2 

4M 

8-4 ' 

10-6 

12-4 1 

13-2 

14-7 

14-2 

10- 1 

17*2 

17*8 

20*7 

28-6 

43-8 1 

30-0 

42-0 

26-2 

41-9 

31-6 

41*1 


to y (P — ^)/P. These molecular fractions will not differ seriously from the 
percentages by weight. 

The smallest possible value of ic is 2 and the corresponding percentage of 
hydrogen in the vapour is 14*3. Oil vapour probably seldom contains much 
more than 14*3 per cent, of hydrogen so that the rtisults ior x ^2 should be 
rather near those to be expected in practice. It appears that the percentage of 
naphthenes increases with the pressure? although with liquid and vapour both 
present it decreases. The percentage of naphthenes is greater at 800*^ K. 
than at 900^ K., although with liquid and vapour both present the naphthene 
percentage increases with the temperature. 

The effect of temperature and pressure on the equilibrium amount of an 
aromatic hydrocarbon such as benzene can be estimated by means of a 
hypothetical reaction in which a molecule of an unsaturated hydrocarbon is 
supposed to change into the aromatic molecule. 

Thus benzene may be supposed formed from the tetra-olefine so that 
(Olefine) == CgHe (Benzene). If denotes the partial pressure of 

the olefine and that of the benzene then we have log 6“ ““ 30000/T-|-C. 
The heat of formation of benzene is about 60,000 calories greater than that of 
the tetra-olefine according to Thomsen’s measurements and theory. 

According to this equation increases about 200 times for a rise of 

100° C. from 700° K. to 800° K., 63 times from 800° K. to 900° K. and 28 
times from 900° K, to 1000° K. Thus it is clear that the amount of benzene 
will increase very rapidly as the temperature is raised. 

The partial pressure of the olefine can be easily calculated at any 
temperature and pressure. If M denotes the mo Is. of CH4 in oil vapour, then 
it is shown in E III that the mols. of the olefine in the vapour is equal to 
Myy, It is shown above that M = (V/RT) (P — j'Hl V) 
we get = (P - y) (1 - y) (1 
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In vapour, of composition CHj, or containing 14*3 per cent, of hydrogen, 
y = I 80 that — (P — ?) (1 ““/) //32. Using the values of q and / given 
above for the temperature 900*^ K, the values of and of the tetra-olefine 
molecular fraction given in Table III were calculated. 


Table III. 



Pressure in atmospheres. 


15. 

30. 

60. 

120 , 

/ 

1 0-55 

0-665 


0-855 


0 • 104 

0-178 

0-282 

0-382 



Olefin© O 4 H 11 , per oent 

0*694 

0-593 

0-47 

0-32 



It appears that the amount of this olefine diminishes slowly as the pressurti 
is increased. The equilibrium amount of benzene is proportional to 
at constant temperature, so that increasing the pressure must also reduce the 
amount of benzene. 

The theory therefore indicates that to obtain a large yield of benzene it is 
necessary to use rather low pressures and high temperatures. This conclusion 
is in accordancfi with experience. The pressure should not be too low because 
at high temperatures very low pressures result in small values of the fraction/ 
and so very large gas fractions. 

The toluene fraction will be equal to the benzene fraction multiplied 
by / Since / increases with the pressure it follows that a somewhat higher 
pressure should be \imd for toluene than for benzene. 

Summary. 

In this paper the theory of chemical equilibrium in hydrocarbons developed 
in previous papers is applied to mixtures containing naphthenes or cyclo- 
paraffins as well as paraffins and unsaturated hydrocarbons. It is shown that 
the naphthene fraction increases with the temperature when liquid and vaj>our 
are both present but falls with the temperature when vapour only is present. 
It falls with the pressure when liquid and vapour are both present but rises 
when vapour only is present. The variation of the benzene 0^11^ fraction 
with the temperature and pressure is also considered. 
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The Energy Absorbed in the Cold Working of Metals. 

By Walter Rosenhain, D,8c., F.R.S., and V, H, Stott, M.Sc. (from the 
National Physical Laboratory*). 

(Received December 20, 1932.) 

iPXiATB 1.] 

It is well known that when ductile metals or aHo}rs are subjected to plastic 
deformation at room temperature, i.e., when they are subjected to “ cold- 
working,” considerable quantities of heat are liberated. It has further been 
suspected for a number of years, and has more recently been experimentally 
established by the work of Taylor and Farren, that the heat thus generated is 
less than the equivalent of the mechanical work expended upon the metal. 
A certain quantity of heat, therefore, is absorbed or becomes latent in the 
metal as the result of changes which it undergoes during the process of plastic 
deformation. The amount of heat thus absorbed is small, and is probably 
of little practical interest, but for theoretical reasons, an accurate determina- 
tion cf the amount of heat which becomes latent in this manner is of importance. 
One of the present authors became interested in this question some ten years 
ago on account of the important bearing which a knowledge of the amount of 
heat which becomes latent in this manner would have upon the theory, first 
put forward by Beilby, that a certain proportion of metal which undergoes 
plastic deformation becomevS converted from the crystalline into an amorphous 
condition. Some unpublished results which came to his knowledge at that 
time suggested that the amount of such latent heat w^as considerable, and an 
experimental effort to determine this amount was, therefore, begun. In the 
earliest attempts a testing machine of the usual type used for engineering 
pmposes was employed, and an endeavour was made to measure the heat 
generated in a small block of metal, of known dimensions and properties, when 
compressed by a definite amount. Subsequently, in view of the experimental 
difficulties encountered in working with small compression pieces, large bars 
of metals strained in tension were employed. It was found that reasonably 
satisfactory thermal measurements could be obtained, but with the appliances 

'** The work described was completed in March, 1930, the senior author being at that 
time Supeiintendent of the Department of Metallurgy and Metallurgical Chemistry of 
the National Physical Laboratory. Circumstances prevented immediate publication of 
the results of the work. 
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then employed it was not possible to measure the amount of mechanical 
work applied to the test piece with sufficient accuracy. While this work was 
in progress, the results of the investigation of Taylor and Farren wore published. 
These investigators had overcome most of the difficulties which had been en- 
countered, and had siKJceeded in obtaining results of considerable accuracy. 
Further experiraeutal work involving the use of tensile test pieces and testing 
machines was therefore abandoned, and another line of attack was adopted. 

Although the results of Taylor and Farren are of the greatest interest, it was 
hoped that other methods of attacking the problem might make it possible 
to obtain still higher degrees of accuracy. It is obvious that in a tensile test 
piece the amount of mechanical work which can be done, and tbe degree of 
plastic deformation which can be applied to a piece of metal, are very much 
limited. For instance, even the most ductile sample of metal will usually 
break before it has been stretched plastically to twice its original length, 
whereas in such a process as rolling or wire drawing, very much larger amounts 
of plastic deformation can be applied. The application of a larger amount of 
plastic deformation also involves the expenditure of a much larger amount of 
power, and it was hoped that this would make it possible to measure the power 
used to a higher degree of accuracy. An investigation was therefore begun for 
the purpose of measuring the heat evolved in the process of wire drawing. 
This process appeared to be particularly promising for the purpose in quastion, 
since the work is applied in the form of a prolonged steady pull which should 
be capable of accurate measurement and control. Further, the process of plastic 
deformation taktjs place in a very small space within the die itself, and this 
can be immersed in the calorimeter by means of which the total amount of 
heat generated can be measured. Unfortunately the results obtained have 
not entirely justified these expectations. The measurement of the mechanical 
work done in wire drawing has proved to be a matter of much greater difficulty 
than was anticipated, mainly because it has been found that the resistance 
encountered by the wire in passing through the die is not sufficiently uniform 
to allow of the maintenance of a steady and easily measured tension. It will 
be seen below, however, that this difficulty has been to a large extent over- 
come by the experimental devices adopted. A more serious difficulty haw been 
that, in such a process as wire drawing, although the amount of heat generated 
can be made as large as desired by the use of great lengths of wire, the rate at 
which this heat is generated is not very high. The result is that the rise of 
temperature in the calorimeter is very gradual, and that the numerous cor- 
rections which apply to calorimetric measurements of this sort become of 
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relatively very great importance owing to the long time over which an experi- 
ment has to be extended. It is this purely calorimetric difficulty which has 
served mainly to set a limit to the accuracy attainable by this method in its 
present form. 

A complete experiment for the purpose described consists of a simultaneous 
measurement of the work required to draw a length of wire through the die, 
and the heat produced in the process. The excess of work over heat is equal 
to the increase of internal energy of tlie wire. In the usual notation, 

U-Q^A, 

where U is the increase in internal energy of the wire, Q the heat absorbed, and 
A the work done by the wire. In the actual experiment, both Q and A are 
negative, A being the greater numerically. 

It should be noted that neither Q nor A are determined by the initial and 
final states of the metal, although, of course, U is so determined. A is made 
up of a part representing the internal work done on the metal, a part repre- 
senting work done against superficial friction in tlie die, and a part representing 
friction elBewhere within the calorimeter. 

The first measurements were made on annealed aluminium wire. The 
following description of the apparatus, and the consideration of errors and 
corrections, applies to this material. Later experiments have been made with 
copper wire, but since the various corrections are of smaller relative magnitude 
in the latter case, it is convenient to discuss the more difficult experiments in 
greater detail. 

The calorimeter consists of a vacuum jacketed glass vessel coutaining oil 
(Price’s Albaline A) with the die situated a little below the oil level. The wire, 
after passing downwards through the die, goes round a pulley near the bottom 
of the calorimeter, and thence passes out in a vertical direction, fig. 4, Plate 1. 
The mouth of the calorimeter is closed by a cork rendered oil proof by cellulose 
varnish, and provided with the necessary small apertures for the thermometer, 
stirrer, etc. Stirring is efficiently carried out by means of a thin ebonite shaft 
driven by a small electric motor carrying two propellers, working in a tube. 
The heat produced by the motor is carried away by a large cardboard chimney. 
The spokes of the pulley at the bottom of the calorimeter are set at an angle, 
and assist the stirring during wire drawing. Just above the die and inside the 
srirring tube is placed a small manganin heating coil with current and potential 
leads, with which the calorimeter may be calibrated. The resistance of the 
leads is negligible compared with that of the coil (about 16 ohms). The 
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temperature of the oil in the calorimeter is measured by means of one of three 
special mercury thermometers graduated in hundreths of a degree centigrade, 
and compared, at every half degree, with the laboratory standards. The room 
temperature is read on a calibrated thermometer graduated in tenths of a 
degree centigrade. The room temperatures in a number of positions close 
to the wire on the incoming side of the calorimeter were compared by means of 
sensitive thermometers, and differed by only two or three hundredths of a 
degree. 

The wire to be drawn passes from the drum, shown on the right of fig. 4, 
over a spring-mounted, pivoted jockey pulley, followed by three guiding 
pulleys, to the 12'inch wheel hanging from a spring by means of which the 
tension of the wire is measured before it enters the die. Thence, the wire 
passes through the die, round a pulley near the bottom of the calorimeter, and 
up to the second large wheel where its tension is again measured. Since the 
wire tends to carry oil out of the calorimeter, a wiper is provided just above 
the oil level, which causes the bulk of the oil to run back. This wiper consists 
of two sets of light bristles directed downwards at an angle of 45° to the 
horizontal. The work done against friction in the wiper is less than a thousandth 
part of that done in the die. It is, of course, important not to have appreciable 
friction at the wiper, since, if heat were produced in the wire at this point, a 
considerable proportion would no doubt escape from the calorimeter. 

After leaving the second tension measuring wheel, the wire passes over two 
guiding pulleys, and thence round approximately three-quarters of the circum- 
ference of the driving wheel, which is provided with a V-groove to grip the 
wire. Beyond the driving wheel is another guiding pulley in a pivoted mount- 
ing, and beyond that the wire passes between two vertical rollers, which move 
slowly backwards and forwards by means of gearing, so as to cause the wire 
to be wound evenly on the drum seen on the left of fig. 4. This drum is driven 
through a slipping clutch, and is so geared that, but for the slip in the clutch, 
its speed would always be too high. In this way the effect of the increased 
diameter of the drum, as the wire accumulates, has been counteracted. 

To prevent vibration being transmitted from the main driving motor to other 
parts of the apparatus, an oflScient flexible coupling is used to transmit the 
drive after the necessary reduction in speed has been obtained by a worm gear 
and a chain drive. The coupling consists of two parallel 9-in. discs, about 2 
inches apart. Six short pegs on each disc project from points near the circum- 
ference towards similar pegs on the other disc. Opposite pegs are joined 
together by means of stout rubber pressure tubing firmly clamped on the p^. 
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The length of wire entering and the greater length leaving the calorimeter are 
determined, in principle, by counting the revolutions of the tension measuring 
wheels, which are provided with small rectangular grooves in which the wire 
fits loosely. In order to avoid subjective counting, however, a mechanical 
counter is fitted on tlic driving wheel, and, by preliminary experiments with a 
given wire and die, the integral number of turns of the measuring wheel may 
be found from the readings of the counter. The fractions are read from the 
measuring wheels themselves. Actual measurement by means of a catheto- 
meter, with the wire under the proper load, has showm that the readings thus 
obtained represent to hjss than one part in a thousand the correct lengths, 
although it was found that the wire leaving the second measuring wheel had 
stretched about 0*8 per cent. (The stretch is less for copper.) It follows, 
from this observation, that the first measuring wheel tends to rotate through 
a smaller angle than that corresponding with the length of wire which unwinds 
from it. Owing, however, to the relatively small tension of the wire before 
entering the die, the effect ol such stretch has a negligible influence on the total 
work done. It is also probable that the stretch is considerably less in practice 
than the figure given above, which applies to a tension about fifteen times as 
great as that occurring during wire drawing. 

If and are the lengths of wire entering and leavixig tlie calorimeter in a 
given time, and and Tg are the tensions before and after the calorimeter, 
at a given monent, the work done, in the time specified, is given by the expres- 
sion 

rit ch 

T^dy^\ Tidir, 

Jo Jo 

where dx and dy represent small lengths of wire entering and leaving the 
-calorimeter respectively. 

Now 

dy~ li 

«o that the work becomes 



In the actual apparatus, T 2 and are measured in terms of the deflections of 
two springs, and these deflections are themselves measured electrically as 
voltages, in such a way that the final scale on a galvanometer may be adjusted 



14 


W. Bosenham and 

to «.y r^iuW .iM. 

oppoitioa to . ttaglo gdv«.om«. H««o. o™ ytJtHK 

jortioaal to I., and the other proportional to T,(iU«, wo obtau. a ndmg 

equal to , , 

*|lr-X.(i)J = S. 

wiere h is the constant of proportionality. If then, we take n readings of S 
at equal small intervals of length By, the work done will be equal to 



whore S is the arithmetic mean of the whole set of readings of S. 

In practice it is more convenient to measure the differences in S from an 
arbitrary point Sq. Denoting these differences by S', the work becomes 

|(So + S')i*- 

Turning again to the apparatus, each measuring spring is provided at its 
upper end with a vertical micrometer movement which permits adjustment of 
Sq. The hooks at the ends of the springs bear on knife edges whi(3h are located 
by grinding shallow V-shaped grooves on the hooks. 

To the stirrup, carrying the measuring wheel which liangs from the lower 
end of each spring, is attached a phosphor-bronze spring carrying a horizontal 
iridic-platinum wire of 1/3 mm. diameter which makes sliding contact with a 
vertical rhodio-platinum wire of | mm. diameter. The spring carrying the 
iridio-platinum wire, fig. 1, is designed to be free from appreciable vertical 
movement whilst permitting slight horizontal movement. The rhodb^ 
platinum wire forms one side of a Wheatstone bridge, the other side consiBtmg 
of a similar wire set a little further back, so as to be out of contact with the 
iridio-platinum wire. The middle point of the second rhodio-platinum wire 
can be connected to one terminal of a galvanometer, the other tenninal of 
which is connected to the iridio-platinum wire, which is otherwise insulated* 
On sending a current through the bridge in the usual way, the galvanometer 
will be deflected by an amount proportional to the current through the bridge^ 
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and to the distance of the sliding contact from the null-point* The arrange- 
ment is shown diagiummatically in fig. 2. The arrangement of two bridges 
in opposition requires a separate battery for each bridge, and is shown in 
fig. 3. The adjustment of the galvanometer scale for each bridge is merely a 



question of adjusting the current to a suitable value by means of a rheostat 
and ammeter. Switches are provided on the apparatus which enable the 
bridges to be used independently or in opposition. Before carrying out a 
determination, a preliminary trial permits the micrometers on each spring 
to be set so that each bridge separately will be nearly in exjuilibrium during 



the actual determination, during which time, of course, the bridges will be 
combined in opposition. In this way, the error due to any possible imperfections 
in the contacts is reduced. The resistance of the galvanometer is 320 ohms. 
It has usually been convenient to add a series resistance of equal value. 
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The springs are calibrated by removing the calorimeter and replacing the 
we over the measuring wheels by string. Weights are hung on the ends 
which normally lead to the calorimeter, the other ends passing over the 
usual guide pulleys and being anchored beyond. The micrometers are 
adjusted for difEerent loads so that the Wheatstone bridges are in equi- 
librium. In order to perform this operation with precision very flexible 
string must be used ; the best kind is made of pure braided flax. The springs 
are allowed to oscillate before readings are taken, and then left loaded for 24 
hours before the final readings are taken so as to minimize the slight hysteresis 
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effects. When the apparatus is in normal use the springs are always under 
practically the working loads. The springs were calibrated before and after 
the first three determinations made on aluminium. The difference for the 
stronger spring was less tliau 0-04 lb., at the working load of 16 Ib., and for 
the lighter spring zero. On working out the results of the first three deter- 
minations, the mean value of the above calibrations was used ; the second 
value was used for subsequent determinations. The difference of 1/8 per cent, 
is, however, of no importance. During the process of wire drawing, the 
conditiom are substantially the same as during calibration, except for friction 
due to the motion, and the effects of the stiffness of the wire. It may be noted 
that the effect of static friction is not apparent during calibration, as the 
motion just before the oscillating spring comes to rest is sometimes in one 
direction, and sometimes in the other, and the variations disappear in the 
mean. The effect of backlash in the spring contacts of the bridges also tends 
to disappear in the same manner, both during calibration, and during wire 
drawing. The backlash amounts to about 0-04 lb, for the stronger spring, 
and is negligible for the other. A variation of 0*04 lb. is equivalent to about 
per cent, of the work done. When using suitable string, the variation in 
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successive equilibrium positions corresponds with a change of load of less than 
0*01 lb., the working load being about 16 lb. 

The corrections for fri<^taon and stiffness of the wire, are obtained by passing 
the wire round the measuring pulley, hanging equal weights on each end, 
and determining the least excess weight required on one side to maintain 
continuous rotation of the wheel. For annealed aluminium wire of the initial 
diameter (approximately 18 S.W.G., or 0-048 inch) the excess weight required 
for tensions between 1 and 14 lb. was 0-038 Ib. (The friction due to the ball 
bearing under zero load amoimts to about 0-0066 lb.) For wire which has 
passed through the die (approximately 20 S.W.Q. or 0-036 inch) the excess 
weight required was 0*022 lb. These figures may vary slightly with the 
velocity. Ignoring such variation, a correction of 0*02 lb. must be added to 
the reading of the lighter spring and 0*01 lb. must bo subtracted from the 
reading of the heavier spring. The total correction amounts to about 1/5 per 
cent, of the work done. It may be noted that work is done on the wire in 
bending it round the pulley before entering the calorimeter, and that some of 
the heat produced by this work may remain in the wire and enter the calori* 
meter. This work is less than 0'()8 per cent, of the whole, and since the un- 
dissipated heat which may enter the calorimeter is still less, it may be dis* 
regarded. (The figure is obtained from the known stretch of the wire under 
a load fourteen times as great as that actually used.) 

The (alibration of the Wheatstone bridges is very simple. A known current 
is passed through one of the bridges with no load on the corresponding spring, 
and the galvanometer deflection noted for different values of the micrometer 
at the head of the spring. The very small backlash previously mentioned can 
be observed during this calibration. The currents through the bridges are 
measured with more tlian sufficient accuracy on Weston ammeters. The 
correct ratio of the currents in the two bridges, which enables a single galvano- 
meter to be used for measuring changes in the power at any moment, is calcu- 
lated from the various calibrations described, together with a knowledge of 
the extension of the wire given experimentally by The calibrations 

were repeated on many occasions during the progress of the work, and were 
never found to have changed. It was also found that the deffections of the 
galvanometer were strictly proportional to the applied voltage over the whole 
l^h of the scale. It should be mentioned that the readings of the quantity^ 
S' are taken some 10 times a minute during wire drawing at each revolution of 
t^he driving wheel, which is fitted with a signal bell. Equal lengths of wire 
^ thus drawn through the machine between any two consecutive readings of 
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S'. These readings are divided into a set of even readings, and a set of odd 
readings, and averaged separately. The greatest difference between the two 
means for the experiments on aluminium corresponds with a difference of 1 part 
in 1600 of the work done. 

The calorimetric determination is rather difficult, since the rate of heat 
production with aluminium is only about 6 watts, giving a rise of temperature 
of the calorimeter of about C. in half an hour. Measurements have not 
been made over longer periods than this owing to the uncertainty which would 
have been produced in the cooling corrections. The calorimeter is calibrated 
by the application of approximately the same power acting for the same length 
of time as that given out during wire drawing. Experiments have shown that 
considerable deviations from the standard times and power output are without 
measurable influence on the result. As a little oil is carried out of the calori- 
meter during wire drawing, calibration must be made before and after drawing, 
and the mean value taken to be the effective value during wire drawing. The 
change in the equivalent of the calorimeter due to loss of oil is about 1 per 
cent, for a rim of half an hour. The electrical input to the calorimeter is 
measured potentiometrically with the aid of standard manganin resistances 
calibrated against the laboratory standards at 20"^ C, The temperature coeffi- 
cient of such resistances is small enough to be neglected. The battery which 
feeds the calorimeter heating coil is allowed to discharge through a resistance 
equal to that of the heater for some time before an experiment. The voltage 
of the battery thereafter is very steady, which greatly facilitates the measure- 
ment of the power. The time during w^hich the current flows is measured by 
means of a stop-wat ch which has been compared with the laboratory's standard 
clock. The combined effects of stirring and cooling are determined in the 
usual way, but, owing to the fact that the rate of supply of heat to the calori- 
meter during wire drawing, or during calibration, is constant, the calculation 
of the corrections is considerably simpler than usual. The calibration of the 
calorimeter can usually be repeated to within considerably less than 1 per cent. 
Greater accuracy was attained in the experiments on copper owing to the 
greater energy employed. The largest source of error probably arises from 
imperfect mixing of the oil. The rise of temperature of the calorimeter is 
usually about 0*63® C. per K- joule, the variations from this value being due to 
small changes in the quantity of oil employed. In calculating the results, 
it is assumed that wire enters the calorimeter at the temperature of the room 
and leaves it at the temperature of the oil. In order to determine whether the 
conductivity of the aluminium wire could affect the results, a cooling curve 
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of the calorimeter was determined with two thick wires leading out from it. 
After a considerable time had elapsed, the wires were removed. It was then 
easy to (jalculate that the cooling efEect of two wires of the sizes used in wire 
drawing, if stationary, would bo 0*0002'' per minute per degree Centrigrade 
difierence of temperature between the room and the calorimeter. Now, during 
wire drawing, the temperature gradient along the wire leaving the calorimeter 
is greatly reduced. Also the incoming wire is supposed, for the purpose of 
calculation, to enter the calorimeter at room temperature. Both these causes 
result in the efiEective cooling of the calorimeter, during wire drawing, being 
slightly over-estimated, since the cooling is calculated from measurements 
made with the wire stationary. Tlie error caused in this way cannot be greater 
than the total cooling effect of the wires, and, from the result above cannot 
therefore bo greater than ^ per cent. The direction of the error is to reduce 
the discrepancy between the work done and the heat evolved. The thermal 
capacity of the aluminium wire leaving the calorimeter is taken as 1*616 
joules per ®C. per metre and is based on Griffiths' value of 0*213 calories per 
gram at 20'' C, The greatest value of the correction term involving this 
figure is about 10 per cent, of the heat imparted to the calorimeter. The final 
error due to an inaccurate knowledge ol the specific heat of aluminium is not 
likely to be greater than one or two parts in a thousand. The error due to an 
incorrect value of the mean rise of temperaure of the wire above that of the 
room is of the same order. 

There is, however, a possible source of error which remains to be discussed, 
namely, the possibility of the wire leaving the oil at a temperature considerably 
higher than that of the latter. An attempt was made to investigate this 
question by detenmning the rise of temperature of a nickel wire, of the same 
diameter as the aluminium, when heated electrically in a current of oil flowing 
through a tube ; the rise of temperature of the wire being measured by means 
of the change in its electrical resistance. Unfortunately, the distribution of 
velocity of the oil is not the same in the two experiments, and only approxi- 
mate information can be obtained. It could be asserted with certainty from 
the results that the error which we are discussing is leas than 10 per cent. 
This is otherwise obvious, since the difference between the work done and the 
heat produced is found to be little more than 1 per cent. There appears to 
be no way of obtaining a closer estimate of the error on the lines indicated 
above. But a rate of cooling of the wire equal to twice that corresponding 
with a 10 per cent, error would correspond with a 1 per cent, error, whilst three 
times the cooling rate would correspond with an error of 0*1 per cent. The 
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last value is by no means unlikely in view of the aids to cooling existing in the 
calorimeter which have been ignored because they are not susceptible to 
calculation, and in view of the inaccuracy of the various assumptions involved 
in the calculations. 

The magnitude of the possible error due to the non-attainment ol thermal 
equilibrium between the wire and the oil in the calorimeter could not be 
investigated by changing the conditions of the experiment, as, for example, 
by altering the dimensions of the calorimeter, varying the speed of wire drawing, 
etc. Any changes large enough for such a purpose, would have increased the 
errors from other causes, resulting in a loss of precision sufficiently serious to 
render inconclusive the results of experiments conducted under the changed 
conditions. 

In calculating the final result, allowance must be made for the fact that the 
wire, after drawing, is in a state of tension, and that heat is evolved on its 
release. From the value of Young’s modulus for drawn alummium, it has 
been computed that a correction of 0*08 per cent, must be applied under the 
conditions of our experiments. 

As has been mentioned, the technique described above is substantially the 
same for copper, but owing to its greater strength, the energy dealt with is 
considerably greater than with aluminium, and the various errors relatively 
less. The specific heat of copper was taken as 0*385 joules per gram at 20° C., 
a value obtained from the International Critical Tables.” 

Two series of experiments were done on copper. In the first series, the same 
diamond die was used as for the aluminium. This die had a taper of 18° to 
the centre line. In the second series, the wire obtained from the first series 
was passed through a second die of 16° taper, giving to the wire the greatest 
extension possible without undue risk of rupture. In the first series of experi- 
ments on copper, the calibration of the springs before the determinations agreed 
very closely with the calibration performed afterwards, but in the second 
series, a discrepancy affecting the results to the extent of about 1 per cent, was 
found. This work was repeated, and again a discrepancy was found, although 
slightly smaller. Taking the mean calibration figures, however, the two sets 
of measurements agreed exactly. In view of the difficulty which is discussed 
later, of comparing the results on the hard and soft wires, it was decided not 
to repeat the measurements again. 
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The results of the various determinations are given below : — 
Aluminium (annealed) — 


Extension of wire 

66 per cent. 

Speed of wire leaving die 

3*63 metres per min. 

Tenacity before drawing 

6-9 

tons per sq. in. 

Tenacity after drawitig 

8-15 


(Work-heat) /Work — 



1st series 

1-6 per cent. 


10 

19 


1-9 

99 

Mean 

1-5 

99 

2nd series 

0-6 



1-8 

99 


10 

99 

Mean 

1-0 

99 

Mean of both series 

1*2 

5 ) 


This is equivalent to 0-47 joules per gram. 

Total work done (including friction in die) . . 38 joules per gram. 

Copper (annealed) — 

Extension of wire 68’ 7 per cent. 

Speed of wire leaving die *4 ’37 metres per min. 

Tenacity before drawing 16’ 1 tons per sq. in. 

Tenacity after drawing 24-4 „ 

(■Work-heat)/Work 3 • 3 per cent. 

30 „ 

3-0 „ 

Mean 3-1 „ 

This is equivalent to 0 '96 joules per gram. 

Total work done (including friction in die) . . 31 joules pet gram. 

* This speed is somewhat higher than that used for alummium, as a new driving motor 
had to be used to provide the additional power. 



22 


W, Eosenhain and V, H. Stott. 


Hard copper wire from previous experiments — 

ExtenBion of wire 

Tenacity before drawing 

Tenacity after drawing 

(Work-heat)/work 


28*5 per cent. 

24*4 tons per sq. in. 
25*6 

0*2 per cent. 

0'2 „ 

0*9 


Mean of more exact figures 0*5 „ 

This is equivalent to 0*12 joulea per gram. 

Total work done (including fric^tion in die). . 24*5 joules per gram. 

It is interesting to compare these results with those obtained by Farren and 
Taylor* by direct extension of aluminium and copper rods. In this case, 
much smaller extensions were xmed than in the wire drawing method, in which 
stretching is assisted by lateral compression. We may reasonably suppose, 
however, that the change in internal energy of the metal when extended by 
either of the above methods wiU depend mainly on the percentage extension. 
The figures in Tabic I for aluminium are mean values taken from Farren and 
Taylor’s paper ; the percentage exteasion is represented by e, and T^ the 
rise of temperature of the metal. 


Table 1. 


e. 

T./c. 

Logjo 

K)'2:t 

0*211 

l-OlO 

16-50 

0-241 

1*217 

22*30 1 

0*268 

1*348 

66 

0*314 

(extrapolated) 

1*820 


The extrapolation is facilitated by the fact that the relation of TJt to log e ia 
almost linear. 

Since 

T,/c^ 0*314 

when 

e 66 

(the extension used in our experiments) we find T^ = 20*7'^ and since Farren 
and Taylor found that Ti/Tg has a constant value of 0 * 928 we have Tg = 22 * 3^ 

• ‘ Proo. Roy. Soc./ A, vol. 107, p. 422 (1926). 
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the change of internal energy of the metal rasulting from 66 per cent» extension 
being equivalent to a rise of temperature of 1*6" C. or 1*4: joules per gram of 
metal 

For copper, the corresponding figures arc shown in Table II. 


Table IL 



T./e. 


8 07 

j 

0-27(» 

0-907 

13 -88 

0-3.37 

1-142 

19 18 

0-383 

1 -283 


o-m2 

1-837 


{i-xlrapijjited) 



Hence we have 

therefore 


Ti/er:= 0*612 

e = 68*7, 


Ti = 42*04. 

Now (Tg — T|)/T| — 9/91 (Farren and Taylor, loc. cit.)^ 
therefore 

Tg — Ti — 4*16'^ or 1*6 joules per gram. 


It will be observed that these figures, both for copper and for aluminium are 
higher than our own. In this comiection it must be remembered that if, in 
our experiments, the wire emerges from the calorimeter at an apprccaibly 
higher temperature than that of the oil, a point which we are unable to test, 
our values of the change of potential energy tend to be too large. There are 
therefore three possible reasons for the difference in the results. In the first 
place, the difference may be due to experimental error, and in the second 
place, the assumption of the equivalence of direct extension and wire drawing 
for equal extensions, may be too inaccurate. (Since writing the above, one 
of us has received a private communication from Professor Taylor suggesting 
that to make allowance for the difference between wire drawing and direct 
extension, for copper, the work calculated for direct extension should be 
raised by a fraction, of the order of 50 per cent., before comparing it with the 
results of wire drawing experiments.) Thirdly, the extrapolations of Farron 
and Taylor’s results may be incorrect. Here it should be remarked that we 
have assumed that the constancy of the ratio Tj/Tg found by Farren and 
Taylor for extensions up to about 20 per cent, still holds for an extension of 
68 per cent, in spite of the very considerable hardening of the metal. 
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Our work on copper seemed t o suggest that tlie proportion of energy retained 
by the metal is a diminishing function of tlic work performed on it. Some 
uncertainty in the interpretation of our results is introduced by the lack of 
exact knowledge of the work expended against friction in the dies. Some 
measurements have fortunately been published by Sato,* since the completion 
of our experiments, which confirm qualitatively our suggestion. As, however, 
his spociimens were deformed by twisting, his data cannot be applied 
quantitatively to our results, since with torsion, the deformation is not uniformly 
distributed over the cross section of the specimen. It does not seem possible 
to compare our results with those of Smithf owing to the excessive extrapola- 
tion which would be required. 

It appears, therefore, from the present work, that the order of magnitude of 
the energy differences found by Farren and Taylor is confirmed. The very 
large value of 70 per cent, for the proportion of latent energy found for steel 
by QiraudjJ as compared with the value of 13^ per cent, found by Farren and 
Taylor, is presumably due to experimental error. 

We wish, in conclusion, to express our thanks to Messrs. The General Electric 
Company, who kindly lent us the necessary diamond dies ; to Messrs. The 
British Aluminium Company who supplied us with specially prepared wire ; 
to Mr. H. P. Bloxam of the Metrology Department, who was responsible for 
the design and construction of the micrometers ; and to Mr. G. H. Glaysher 
of the Metallurgy Department, who, with great skill, constructed the rest of 
the apparatus. 

Summary. 

It has been suspected for a number of years, and has more recently been 
established by Taylor and Farren, that the internal energy of a cold-worked 
metal is appreciably greater than that of the same metal in the annealed state. 
One of the authors became interested in this question some ten years ago on 
account of its connection with the phenomena of the plastic deformation of 
metals. Accordingly, attempts were made to measure the energy change in 
question by methods akin to that of Taylor and Farren. Considerable 
difficulties were encountered, and these methods were abandoned on the 
publication of Taylor and Farren’s results. 

The present paper deals with a new method of attacking the problem by 
means of measurements of the work done, and the heat produced, when a 

♦ ScL Kep. Imp. Univ. Tdhoku, vol. 20, No. 1 (1931). 
t * Proo. Roy, Soc.,’ A, vol. 125, p. 519 (1929). 
t * Rev. vol. 25, p. 347 (1928). 
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considerable length of wire is drawn through a die which is enclosed in a 
calorimeter. This process has the advantage of being continuous in operation, 
and is associated with a much larger expenditure of energy per unit mass of 
metal, than are the previous processes. The accuracy attainable is limited, 
however, by the smallness of the total mass of metal which can be cold-worked 
during a period of time which is suitable for a calorimetric experiment. 

An exact comparison of the results obtained, for aluminium and copper, 
with those of Fraren and Taylor, is not possible, owing to differences in the 
extent and manner of working the metals, but approximate confirmation of 
their results was obtained. 


The Spectrum of H2 — The Bauds Ending on 2 p ®n Levels. Part II. 

By 0. W. Richardson, F.R.S., Yarrow Research Professor of the Royal 
Society, King’s College, London, and P. M. Davidson, Ph.D., Senior 
Lecturer in Physics, University College, Swansea, 

(Received December 21, 1932.) 

§ 1, The Idnes of the 3d ®Sn A 2p *11 Complex. 

In a previous paper| we described what we believed to be the structure and 
properties of the bands which end on the important 2p *11^ levels. In that 
paper we stated that “ Although we believe these band systems to be correct 
in their main outlines some ot the details cannot be fixed with the same degree 
of certainty as were the band systems described previously. We are doing 
further work which may modify them and make them more certain.” This 
doubtfulness subsequently became intensified as a result of the theoretical 
investigations of one of usj on the distribution of intensity among the lines 
of the H 2 spectrum. These showed a satisfactory agreement with the inten- 
sities as measured by Kapuscinsky and Eymer8§ for the other band systems 
for which calculations could be made, but some of the systems ending on 
2jp»n appeared to be exceptional. Even when the correct final intervals, 

t ‘ Proo. Roy. Soo.,’ A, vol. 131, p. 668 (1931), referred to later as I, 

X Davidson, ‘ Proo. Roy. Soo.,’ A, vol. 138, p. 680 (1932). 

§ * Proo. Roy. Soc./ A, vol. 122, p. 68 (1929). 
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and the groups of linos which satisfy them, have been discovered the task of 
correctly arranging them into bands is not an easy one. Owing to the way in 
which the bands are intermingled there are a number of alternative ways in 
which these groups can be put together. This difficulty is increased by the 
presence of numerous blends, by false combinationa and, especially in thes^ 
particular band systems, by the frequent absence of entire branches of bands 
and by the fact that there is no strength anywhere except in the diagonal 
bands. 

Meanwhile a re-arrangement of some of these bands has been put forward 
by Sandeman.t This involves abandoning the weak lines (which arise from 
transitions between the symmetric:]; states) in the 2p®n and 

3d * *2p systems as they are described in L In 3d 2p *II 

(0 0) the first R'QT' set of symmetric lines are replaced by the corresponding 

set of anti-symmetric RQP lines of Sd^Ai,-^2p^n while 3d^A;,-> 2p*n 
itself is formed in the same way from the 3d “ITj, 2p and 3d 2p *0 
bands of I. It thus puts all the strength of the original 3d ®Iloi, 2p and 
3d *A^^~>2p^n systems into 3d ^A^j, “^2p^n. In effect this abolishes the 
original 3d®nrtb-j^2p*n bands although it makes little difference to the 
3d 2p system. On this basis Sandeman has been able to extend the 
2j)®n state to higher vibrational and rotational levels than we were able 
to do in 1. None of our antisymmetric levels are altered in this state. 

We believe that, apart from a few unimportant details, the arrangement of 
the 3d ®A^ 2 , systems proposed by Sandeman is correct. In fact, it is 

fully confirmed by our own work on the 3d®S->2p*II, 3d®n^j,‘->-2p*n, 
4d*£*^2p®n, -^2^®!! and 4d®A^-^2p®n systems. We have 

been able to find each of these at the vibrational levels v' = 0, 1, 2, 3 and 
= 0, 1, 2, 3. There are also some other bands ending on 2p ®n which 
do not come from the 3, 4d®SlIA complexes. 

The general structure and properties of the bands are not altered in any 
fundamental way by these extensions and we shall employ the same notation 
and methods in dealing with the new material that we used in I. 

The lines of the bands of tlic 3d ®S 2p ®n^ system are set out in Table L 
In this and similar tables of band lines the first column gives the rotational 

t ‘ Proo. Roy. Soc./ A, vol. 138, p. 395 (1932). 

J In the summary of Samleman^H paper the weak lines are referred to as antisymmetric 
and the strong ae symmetric. This is probably an aooident, though either notation 
may bo defended, depending on which wave functions are alluded to. The notation we 
adopt is that which is in general use. 
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designation of the line. The number following the letter P, Q or R designating 
the branch of the bond is the quantum number K of the final level. Thus 
Rl means a line involving a transition from an initial level with K = 2 to a 
final level with K. ^1, both levels being strong antisymmetric (a) levels. 
Lines involving transitions between the alternate weak symmetric (s) levels 
are indicated by dashes. Thus Q'2 means a line involving a transition between 
two « levels for each of which K == 2, and so on. The second column gives 
the wave number of the line. In general these are taken from the tables of 
Gale, Monk and Lee.f For linas not measured by them Fiukelnburg’sJ 
and, in a few instances, Merton and Barratt’s§ measures have been used. 
Sometimes where both Gale, Monk and Lee’s and Finkelnburg’s data are 
available Fiiikelnburg’s data have been used either because the lines are 
enhanced in his tables or else to give one investigator’s measures for all the 
lines of a given band. As a rule the combinations are more consistent when 
the data of either table are adhered to than when they are mixed up, and in 
the region on the high frequency side of Hp Finkelnburg’s data are the more 
extensive. 

The third column gives Kapuscinsky and Eymer’sH measurements and the 
fourth the eye estimates of Gale, Monk and Lee. The fifth column gives the 
response of the lines to high (H) or low (L) pressure, the sixth to the condensed 
discharge (C) and the eleventh to helium (He). The data in these three 
columns are the observations of Merton and Barratt (op. ciL), The seventh 
column shows the effect of a magnetic field on the lines as recorded by Dufour^l 
or Croze, tt the eighth and ninth under R.T. and L.A., the intensities at room 
temperature and with the tube immersed in liquid air as given by McLennan, 
Grayson-Smith and Collins, and the tenth column, under V, the excitation 
potential of the final level of the line as determined by Finkelnburg, Lau and 
Reiohenheim. An asterisk denotes interferometer measures of Gale, Monk 
and Lee. 

The lines of the and 3d -> 2p systems are set 

out in the same way in Tables II and III respectively. 

t * Astrophys. J./ vol. 67, p. 89 (1928). 

} ‘ Z. Physik/ vol. 52, p. 27 (1928). 

§ ‘ Phil. Traus,,’ A, vol. 222, p. 369 (1922). 

Ij ‘ Ppoo, Roy, Soo.,’ A, vol. 122, p. 68 (1928). 

If • Ann. Chim. Phys.,’ vol. 9, p. 361 (1906) ; * J. Phys. Rad.,’ vol. 8, p. 269 (1909). 

tt ^ Ann. Physique,* vol. 1, p. 68 (1914). 

Xt * Proo# Roy, Soo.,’ A, vol. 116, p. 277 (1927). 

§§ * Z. Physik,* vol, 61, p. 782 (1930). 
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t B*t» for a blend with an unclassified line of similar intensity. j Probably a blend. It seems too strong and is a Z line. 

• 19134 07 is also R7 of 0 — 2 3d 12 ; -> 2p ‘X ^ Properties are for a blend with P3 of 0 -> 0 3d *77^ ^ 2p »/7. 

J Coincident with a weak line P3 of 2 -»- 7 3d^/7o 2p ^X. +t Properties are for a blend with three other lines, 

I Properties are for a blend with P3ofi-vl3d*J-> 2p*/7. jt May be 16172-99 (0) M.B. He 4 -. 
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The lines of the M ®A„(, 2/r'’r!„^ systems are not talmlated, since these 
are the btiJids given by Sandeman {loc. vU.). Possible alterations or 
additions’*' an* 

P7 of 0 ^2/r''li coincident with I7I92 :{1 (G)- Q3 of 2-»2 

;W»A„ .2/;dl. 

r7 of 2-2 ;}f/«A,, ■2;rdi coincident with i()8<i:{-40 (1) -- Q2 of J— 1 

.V-TI, '2/-dl. 

Q5 of 3 -3 -W'^A,, *2// ^11 may be coincident with 1703ti-iS8 (1) — P7 of 
l -.l :W3A,, .2p=>ll. 

R' 4 of 3 ^3 :h/^A^ ->2p*n may l)e coincident with 17287-27 (2) -- P'3 
of 0 .0 3rf»A„->2/>»ri. 

R4 of 3 3 3f/''’A„ • 27 )'dl may he coincident with 17282-98 (1) — R3 of 

1-.] 3rf-'M„ >2/>»ll. 

Rl of 2 -1 3rf'* A,, .22^^11 is 1949.5 -!)0(l/d, Q3 of 2 -.] ;W»A„ *2/>»ll 
is 19395-13(0), m 3 .2 3(7»A„ .2/)=‘IJ RI is 19227 -90(1A), Q2 is 19]17-98(1A) 
and P3 is 18955-30(0). Ii2 of 3-.2 3fl! » A„ 2yt *11 is 19280-58(0) and 
Q3 and P4 of this hand are 19117 -98{1A) and 18901 •60(ltf) respectively. 
If R' 1 of 3 -.3 3rf*A„ -*2p*n is concealed by 17]30-78(3«) = P4 of 1 -*• 1 
3d*A„-<-2p*n w(‘ make the error to be 0-.5 wave numlter which seems pro- 
hibitive. 

In all these systems the strength is practically confined to the diagonal 
bands. The 0-*0 and I ->-1 bands are fhe mo.st intense with about equal 
strength, 2 - - 2 is weaker and 3 -».3 weakest . Lines of the non-diagonal bauds 
1 >0, 2 1, 3 . 2, 1 <• 2 and 2 -.3 have only been found with eerlainty for 
the a -> a (strong) transitions. In contrast with the diagonal band.s having 
the same upper vibrational state v' there is a definite tendency for the non- 
diagonal bands to increase in i nf ensity with increa.siag v'. Thus in 3d *11 „-*2p *11 
the strongest lines in the 1 •+ 0 and 1 -> 2 bands arc a.s8igncd inten-sity 0 by 
Gale, Monk and Lee, whereas in the 3 >2 band there are two lines to 
which they assign intensity 3. Another feature common to all these band 
systems is the pronounced tendency of the lines to be enhanced at high 
pressure and in the condensed discharge. This is in strong contrast to the 
bands whksh end on the other n — 2 triplet state 2s *2, where the lines, 
particularly those associated with low values of the quantum number K, have 
a marked tendency to be enhanced at low pressures and depressed in the 
condensed discharge. We can illustrate this by reference to the R4 line of 


• We feel rather sure that these new 3—2 bands are the cornsjt ones. 
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the 3 >3 band of in Table 111. The properties assigned to 

this line in the ta>)le are tho.se of the much .stron<?er RO of 0 ^ 0 3/? H] 2s 
with which it is coincident. The only other low pressure line in Table Iff is 
P2 of the i ^ i band. This Ls not a known blend but it has the appearance of 
being too strong in this baud. Then' art* no otht'r lirn^s described as depressed 
in the condeiised discharge. In fact, all (d the lines in Table fll which are 
also in Merton and Barratt’s tables are described as enhanced in the condensed 
discharge with the except ioi! of four very weak lines which they may not have 
troubled to examine very carefully. The liigli pressure enhancement tends to 
diminish with increasing vibrational quantum number which seems rather 
strange. Thits in the 3 ^3 bands in Tuble.s 1 to III there is no H f f line 
which is not a blend, there is only one H f line and there are two L-4- lines 
which are not known blends. In a given branch of a band the ratio of the 
numbers in the R.T. (column to those in the LA. t’olumn should increase with 
increasing quantum number K. This is so except o(H‘asionally where the data 
are probably unreliable mainly owing to overlapping lira's. The value of the 
e.\citati(>n potential V should increase by about 0-3 volt at each step in going 
from 0" to J ", 1" to 2" and 2" to 3". The data are rather rough, but the mean 
value of the determinations for the 0' bands in Tables I to III is 11*83 
and for tln.^ V 1" bands is 12 •21. The difference of these is 0-38 volt which 
is not unsatisfactory. 

The efiet't of an admixture of an excess of helium on th(* lines of the 
bands of >2p^ri and >2/; ^fl is interesting. 

In each sj^stem the lines of the 0 0 bands are* strongly enhanced whereas 

the lines of all the other bands are practically unaflected. It is true that iii 
Tables I to III there is in each 0 M) band one line whif^h is marked HeO ; 
but in each of these instances the propertii;s are for a I)lend with another line 
whicjh might, cause confusion. Although many line's of the spectrum are 
very responsive to helium we know of no other case in which the efiect is of 
such a general (*haracter as this. The effects on the singlet bands with the 
corresponding upper level are quite different, ior example, in the case of 
the response to helium as given by Merton and Barratt is, for 
the 0-^0 band, ROHeO, R2He+, R4He+, liblleO, Rl, R3, R6, PI, P2, P3, 
P4, P6 and P6 whicdi include some very strong lines are not mentioned. In the 
0-^-1 band the only line mentioned is a rather weak line P2 described as HeO. 
In the 0 ->2 band RO is He+, RI HeO, R2 HeO, R3 He++, R4 He++, 
115 Hed-+, P4 HeO and in the 0 3 band R4 is He+ and the others unmen- 

tioued. In the whole of the 1' and 2' progressions of each of 
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which includes some of the strongest lines in the H 2 spectrum there appears to 
be no reference to any response to helium. At any rate this singlet system seems 
to have this in common with the triplet 11 systems under consideration, that 
if there is any helium response at all it is confined to the v' — 0 level. It is not 
possible to say anything about the 2/) ^11 systems, which correspond 

precisely in the singlet sjautirum to the present bands in the triplet spectrum, 
since these lie in' tlic infra-red and the reaction of tlie lines to helium is not 
known. We can, how’ever, say something about the bauds which come down to 
2p from the next higher electronic levels 4d and 4d . In 4d 
0' 0" tliere is definitely no response, the only line mentioned being R4, 

This is given as HeO, although the properties are for a blend of this line 
with Q2 of 3 -2 3p^U >2.s‘-^S. In the helium response, 

if any, is confined to the R branch where He4- is found opposite a mixture of 
R2 and Q5 of 2 6 SrfUl^, > In 2p ^U^f, all the lines of the 

R branch are definitely enhanced. There is no evidence that the Q and P 
branches are affected, but the lines are very weak and may liave been over* 
looked. In 4^^^^^ the incidence of the helium response is 
uncertain owing to blends, but it looks to be rather irregular. All these 
4<i^2in A -►2p^n systems are only known at the 1 ;' — 0 vibrational level 
except 4(i^n ft 2p n for which the P branch at !'-► Coexists. This does 
not respond to helium, so far as can be ascertained from Merton and 
Barratt's data. 

There is something analogous to this effect of helium on the 3d A - > 2p ®n 
systems in the case of the 3p 2s system. A detailed account of the 
effect on the lines of the Q branches of the diagonal bands of this system has 
been published by one of us.* In that publication the 0 0 band is called A, 

the 1-^1 band B, and so on. In general the effect of helium is to depress the 
lines of these bauds, the degre^i of depression increasing as the magnitude of 
v' (=r: t/') for the bands increases. The effect is not the same on all the lines 
of a given band ; those are most depressed which have the lowest K values. 
In the 0->0 band, however, only the Ql line is depressed and that slightly ; 
the Q2 line is unaffected and the others are enhanced, the enhancement increas- 
ing progressively in going from Q3 to Q6. It appears, then, that we can make 
this rather general statement. For a considerable number of very diverse 
systems helium enhancement, if it occurs to any marked degree, is confined in 
its incidence to the v' = 0 levels. 


* Richardson, ‘Proo. Roy. Soc.,’ A, vol. lU, p. 721 (1926). 
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The behaviour of the linen of these triplet FI hands in a magnetic field is also 
very characteristic. 3d 2p shows the strongest response in this 
respect. The Zeeman effect is most mark(id in th(i 0 hand, not quite so 
marked in the I 1 band and has definitely disappeared at the 2 2 band. 

For the 3-^3 band there is no information. These properties are exactly 
parallel to those of the 3d ^2 > 2p system where the 0' progression has a 
very large number of Z liiuis, the 1' progression a small number, and in the 2' 
progression none have been retjorded. However, it is not certain that the 
strong lines of the 2' pmgression (assuming it to be that originally assigned* 
to 3 *-> 2p ^21) have been examined for tlie Zeeman effect ; so that the fact 

that no Z linens have been recorded may not mean much. In the original 2' 
progression of 3d^S ">2p^S, now traasferred to 3^K >2p^2;, there are no Z 
lines and there is one Z — 0 line. Both ]K)ssibiUties are referred to, since it 
is not altogether certain that these two levels should be interchanged- In 
3d*n^ “ ►2p®n there are only two certain Z lines and a considerable number 
of Z =» 0 lines. In Sd^IT^ *^2pHl (Table III) there are a large number of 
Z — 0 lines but only one Z line and this is coincident with one of the two 
Z lines in 3d *11^ 2p HI. There is thus no evidence that 3d *11 ^ shows any 
magnetic response at any level, vibrational or rotational. These properties 
of 3d *14 and 3d *11,, are exactly parallel to those of Sd^Il^ (3'B) and 

3d HI, (3 W 

Of these triplet systems 3d*A^ -’^2p*n is the strongest, 3d*S ->2p*II 
next in intensity, then 3d *11^ > 2p *11, then 3d *0, 2p *II and 3d * A, 2p *0 
weakest with little to choose between the two of them. In both 3d * Aj, -► 2p*n 
and 3d*A, -►2p*n all three branches P, Q and li are w^ell developed with, 
oil the whole, II and Q eacli stronger tlian P. In 3d 2p *11 the R and 
Q branches are about equally strong, but the P branch very weak and only 
reprasonted by the first two lines P' I and P2, of which the former is weak. 
In 3d *II(, ► 2p *n the R branch is strongest, the P branch about half as si rong, 
and the Q branch very weak, being represented as a rule only by faint Q' 1 
and Q2 lines. In 3d *!!„ -> 2p *11 there is some strength in all tliree branches, 
but the P branch dies out rapidly, being represented only by P2, P' 3 and 
P4. 

The theoretical distributions of intensity between the branches will be 
given in a following paper. They are found to be in fair agreement with the 
experimental data. 

♦ Riohardaou and Davidson, * l^oc. Hoy. Hoc,,' A, vol. 124, p, 52 (1920). 

f Richardson and Davidson, ‘ Proc. Roy. Hoc.,’ A, vol, 123, pp. 54, 490 (1929). 
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Similar intensity relations are found in the corresponding singlet bands 
Of these systems* is the strongest, then 

then with not much difference between these 

two, and finally 3rf^II,i-> 2p^ll and 3d ^A^ >27)^0 abt)ut equal and weakest. 
In -> 2;? ^n, 3d ^ A„ ^ 2j) ’ll , and 3d ^11^ > 2p ^11 there is some strength 

in all branches, but F is usually the weakest. In 3d^S -’»-27?^IT, Q and R are 
strongest with F very weak or absent ; while in Sd^II^ -> 2p^n the Q lines are 
usually the weakest. All these singlet lines lie in the infra-red region between 
12,OOC) and 14,(KK) wave-numbers. 

It will be noticed that the bands in Tables 1 to IJI involve a considerable 
number of (coincident lines or blends. There is, however, in nearly all these 
cases definite (ividence of the presence of more tlian one line. Vc^ry often they 
are singled out in Gale, Monk and Lee’s tables, being marked (h), meaning 
diffuse and possible double, or (a), (h) or (0), meaning that the wave-knigth 
measures from different plates show discrepancies beyond th(3 average. In 
general the intensity of all these lines is thought to be adefjuate for all the 
positions claimed for them. As is to be expected, such lines often give rise to 
combination defects appreciably greater than those coming from single lines. 
The latter range up to about 0*05 wave-number whereas tlie former may be as 
much as three times this amount ; further, the presence of such blends is often 
indicated by the properties of the lines as given in Merton and Barratt’s tables. 


§ 2. The Final Levels. 

The relation of the band lines to the electronic and rotational structure will 
be evident from fig. 1. This is taken from I where the structure is fully 
described ; so that it does not seem necessary to repeat the details here beyond 
what is required to make this paper intelligible. In fig. 1 which is merely 
diagrammatic and not drawn to scale the rotational levels are numbered 
according to the old j values. This 7 is equal to K -f- ^ where K is the quantum 
number used in the present paper. 

The rotational combinations between strong (a) levels are collected in Table 
IV and those between weak (s) levels in Table V. There are no known inter- 
combinations between a and s levels. The designation in the first column on 
the left-hand side of Tables IV and V indicates the upper level of the band from 

♦ This fliatement is based on extensions of these systems which we diwiovered some time 
ego, but have not yet found time to publish. Some of them are used in the paper by 
Davidson, loc. cit. 
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which the data in the corresponding row are taken. In any band each alternate 
Hpace in the corresponding row should be vacant, the (corresponding lines, 
indicated by the heading at the top of the column, having no existence in that 
particular band. If there are xnojv blank spaces than this it means that lines 
which are capable of occmrriug either do not (exist or have not yet been dis- 
covered. For example, in IW > 2p ^11 the gaps under Q' 2 — P' 3, Q3 P4, 
Q/4 P' 5, and Q5 — P6 are due to the fact that the P branches are un- 
developed and the extensive gaps in 2p®II ore caused by the almost 

complete absence of the Q branches. In t his and similar cases many of these 



PPFP QQQQ RRRH P> QQ RR PP QO HR 

123^ 1234 1234 22 11 tl 33Z2 11 



Kio. 1. —Structure and tranHitions of complex to 


gaps could have been filled by subtracting from the experimental P(m-f2) 

interval the final mean values of one of the intervals R(m) “ Q(wi ~f- 1) 
or Q( 7 n f 1) - P(m + 2). Such indirect determinations have not been 
incorporated in these tables, although the agreement with the mean values of 
the data so obtained is of the same kind as that shown by the data actually 
included. The table thus includes only direct differences of the wave numbers 
of actually measurtjd lines. In most of thtj cases where either of the lines 
used is believed to be a blend this is indicated by a dagger placed at that end 
of the interval at which the (coincidence occurs. A few values wliioh are 
accompanied by a question mark involve lines whose status is thought to be 
doubtful. In deducing the mean values of the single intervals, such aa Ql — P2, 
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and the Anal mean values of the pairs of equal intervals, such as Q1 P2, 
and R1 — Q2, the values given by the blended lines have been ignored, except 
in a few cases where the data are very sparse. The staggering of these intervals, 
which is shown liy the second differences of the final mean values, arises from 
the fact that they are not differences between suece-ssive rotational levels of 
either of the single electronic levels 2p®n„ or 2P*!!*; but they are either 
the .succejssiori of intervals 2p *17* (K 2) — 2p *n„ (K = 1), 2p (K — 3) 

- 2p *n* (K = 2), etc., or 2p HI, (K - 2) ~ 2p »n* (K = 1), 2p (K - 3) 


— 2p * rig (K = 2), etc. 

The structure of these final intervals is shown graphically in fig. 2. This is 
not drawn to scale and the doublet differences in particular are greatly 
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ineaHured mean differeucea, to 0-01 wave numbeT, are 
inserted in. the figure. It is not possible to determine the absolute values of 
the doublet differences. These can only be determined to within ±Xo, Xj, 
Xj where the suffix indicates the final vibrational level v" ==: 0, 1, 2, 3 and 
is the height of the lowest ,v level above the lowest a level at the vibrational 
level v" =« m. Apart from doubtful elements it is clear that there ia a 
general tendency both for these doublet differences to increase with increasing 
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K at each given vibrational level and also to increase with increasing v" at each 
given rotational level for which the data seem secure. This is probably true 
also for the values Xq, and at the lowest K === 1 level, although we can 
only guess it. Whether the apparent contraction at higher values of K shown 
at the v" — 1 level is real or not is very doubtful indeed, the two highest 
values at any rate being extremely uncertain. The values at v** = 3 for 
K > 2 are also not very sure. It will be noticed that at r" = 0 the relative 
position of the s and a levels is inverted compared with those at v" = 1, 2 and 3. 

As has been stated the numbers in Tables IV and V are not suc^cessive 
rotational intervals of either of the electronic levels 2^*1^ or 2p*n^. To 
obtain these we must evaluate the intervals, as they are shown in fig. 1, between 
$ (j ^ 4) a { j — 2i) s (j a (j =- 4i), etc., for 2p ^11^, and a (j 1^) 

s {j = 2\) a (j = 3J) 5 {j 4^), etc., for 2p ^0^. These intervals can only be 
determined subject to ^ (tn = c'') the unknown doublet distance at the 
lowest rotational level. They are collected together in Table VI. 


Table VI. — Rotational Differences of the Final Levels. 


Botfttion&l 

interval. 

K( 2 )-K(l). 

K(3) -K(2). 

1 K (4) - K (3). 

K (5) - K (4). 

K( 6 ) - K( 6 ). 

K(7)-K(6). 

»/7| 

v" ^ 1 

V 2 

120 74 - a:^ 
i 116-U - oTi 

1 100-77 

104 *48 a:. 

179*96 4 a-y 
171-64 f 
16.3*32 4- a-, 
155*4 4 iCj 

237*76 - Xo 

226*68 * xi 

216 -7. - a 2 
205-3. - Xa 

1 293 -90 4 
280*06 4 1 

266 -So 4- Xj 

25.3*;, 4 X, 

347*94 - Xo 
331*46 Xi ? 
316*5. - x. 

880 * 1 f *1 T 

2j9»/7o v"^0 

1 

v" ^ 2 
v" 

120*79 4 aro 
116-03 4 - a:, 
109 -40 4' 
103*94 + a-. 

179 -99 ~ a-o 
171*44 --Xi 
163* I 7 — Xj 
155 24 - X 3 

237-86 4 Xo 
220*67 4 Xj ! 
216-59 hxj 5 ^ 
204-9a 4 xa 

294 *06 - Xj, 

280 *11 - X, 

266*47 - X, 
253*0 - Xa 

348*08 4 Xo 
331 *60 f xj ? 
316 * a. f Xj 

400*16 -Xo 7 
380*6 -X,? 
362 *7i - xj 


§ 3. The Vibrational Intervals, 

The material in Tables I to III permits a considerable extension of the 
vibrational intervals given in I. Up to the present only lines of the non- 
diagonal bands which involve transitions between the alternate strong (a) 
levels have been found with certainty. As a result the final vibrational intervals 
for the successive values of K which relate to any given vibrational trairsition, 
such as belong alternately to 2p^U^ and 2p^X[^ levels. The mean 

values of these final intervals are given in the two columns under n ™ 2 in 
Table VII. For comparison the corresponding intervals of the upper levels 
of the a, p, Y bfiwids (wj) *II 2« *£) are given in the columns under n = 2, 3, 4 
roBpectively. The data forn = 6 have been computed from the Imes of the y 
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bands as given by RiohardBon.* It will be seen that for all values of K and 
the intervals drop by about 100 wave numbers in going from n ™ 2 to 
n — 3, by about 30 from n 3 to n 4 and by about U> from n ™ 4 to n ^ 5. 
The values evidently tend to apjnoaeli limits for n large which are not much 
below those for n == 5. 

The values of iCy and as dcdiiied in the old quantum mechanics, deduced 
from these intervals are showm under 2p and 2p at the bottom of 
Table IX. Their means are also given as they are probably identical at any 
rate to the degree of accuracy of these determinations. These are followed by 
the values for the other triplet II levels. Those for 3p ^11 a, 3p and 4p 
are taken, or (MUiiputed, from the data of Richardson and l)as,t f hose for bp HI ^ 
from Molecular Hydrogen and its Spectrum,” whilst that of w^^ for H 2 + is the 
value for the molecular ion, the end of theserias whi("h we obtained 

by extrapolating the singlet states. J It is evident from these numbers that 
this value of Wq for Hg -h is slightly too high. Both this value and the limit 
towards which the series of triplet IJ states are tcTiding agree with Burrau*s§ 
theoretical value of for Hg | to the accuracy (apart from a mistaken factor 
of 2) with whi(‘h he statt^s his result. It is remarkable that the computed 
which should be less secure than the value of comas so near to the 
magnitude which the experimental values for = 2, 3, 4, 5) would 

lead one to exp(?ct. The value n\pr. 61 is deducsed from Wq — 2280 in (lom* § 
bination with the ionization potential and heat of dissociation of Hg determined 
from data furnished by the singlet systems.!! R will be evident from the 
numbers at the bottom of Table VII that the allot^ation of the final levels to 
confirmed by the values of the vibrational constants of the levels. 
It will be shown in Part 111 that this allocation is equally well confirmed 
by the values of tJic rotational constants. 

The mean values of thu initial vibrational intervals AV'K cahmlated from 
the final intervals in Table IX and equations of the type 

AV' K ... A V- (K + 1) + P (K +1) (V p 1 ■> + 1) ^ P (K + i) {v 

are set out in lable VII] . As only the values for the strong a levels are 
known the successive values of K jump by 2 in each band. 

* ** Molecular Hydrogen and its Spectrum/^ Yale Univ. ProBS (in the prem). 

t ' Proc. Roy. Hoc.,’ A, voi. 122, p, 688 (1929). 

X Proc. Roy. Hoc:.,* A, vol. 123, p. 460 (1920). 

§ * K. Dansko Vid. Helsk., Math. Pys.,’ vol. 7, No. 14 (1927). 

II “ Molecular Hydrogen and its Spectrum,” chap. VT. An earlier computation made 
by us using a similar method gave xw„ ^ 60 (‘ Proc. Roy. Hoc.,* A, vol. 123, p. 486 (1929). 
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Table VIl. — Vibrational Intervals in np *11^^ Jjevels. 


Jv" 

K 


np »i7fl 

levels. 



7i.p ’/7i> levels. 


i 


n 2. 

71 ^ 3. 

n 4. 

71 5. 

w - 2. 

n - 3- 

n 4. 



Final 

Uppt^r 

TTpi^i 

TJpjwr 

Final 

I'pptu* 

Upp*^r 



levels 

levels 

levels 

levels 

levels 

levels 

levels 



of present 

of a bandH 

of 8 bands 

of y hands 

of present 

of a bands 

of p bands 



hand 

Q 

Q 

Q 

band 

\VP' 




systems. 

hranehes. 

branches. 

lirauches. 

systems. 

branehes. 

branohoB. 

- 0" 

J 

2338*85 

2240-21 

2209*60 

2195*70 


2239-45 



2 


2234-23 

2203 -.W 

2190*06 

2333 27 

2231-23 

2204*8 


3 

2324 55 

2225*28 

2194-57 

2182 17 


1 2216-28 

22fX»*62 


4 


2213*44 

2182*57 

2171-01 

2313-61* 

2196-79 

2194-6 


5 

2209-10* ’ 

2198-83 






2" -- V' 

1 

2216-76 

2114*84 

2083*85 

2069*97 

1 

2116*08 



2 


2109*09 

2078*11 

2063*06 i 

2211 37 

2113*34 

2073*56 


3 

2202-93 

2100*38 

2069-27 

2051-97 


2111*08 



4 


2089*00 

2058*31 

2037*31 

2192-42 ; 

2108*50 



5 

2178*40 

2074-79 






X' -- 2 ' 

J 

2098-05 

1093*47 

1962-12 

1948-93 


! 1994*47 



2 1 


J9H7-86 

1956-48 1 

1 1942-25 

2092-77 1 

1 1989-01 

1948*30 


3 

2084-56 

! 1979-50 

1948-05 i 

1932 07 

1 

1981-13 



4 : 


i 1908*37 

j 1937-08 ! 

I 1919-60 

2074-17* 

1970*8 



5 


1 1954*28 

! 1 

t i 





♦ ThoBe three values (iop'tid on a siuglt? jiair of lines only. The rest are mean values of various mimboni of con 
cordant determinations. 
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2404-, 

2-103 -5 

2307*5 

2307 5 

2276-5 


! 1 

61 -, 

61 ■„ 

65-0 


m. OO 


r>p HI a 




2258-7 


(i2-y 


2280 

61 


Table VIII.-- Vibrational Intervals of M 3d 


Level 

Je 

K - 1 

1 

K 2 

K - 3 

K ~ 4 

K 5 

K - 6 

1 

1 







r 

Krom >- 

Q1 P2 


R2 y3 


XU Q5 



r - 0' 

2087-19 


2083*72 


2072-94 



2' - r 

, 1910-77 


1921*64 


1914*74 



3' — 2' 

; 1732-75 


1747-47 


1744*78 

1 

rh 

From > 


K1 P3 


R3 1*6 




y - 0' 

i 

2118-08 


2115*93 




2^ - r 


1968*94 


ltm5*72 




3' - 2' 


1813*21 






From- > 

Q1 I’2 


R2 Q3 1*4 





y 0 ^ 

2115*46 

' 

2110*40 





2' - y 

1912*98 


1890*01 





X ^ 2' 

1801 -49 


1774*6 





From-> 


Kl P3 


R3 P5 


R6 

y -- 0' 


2192*77 


2150*53 


2101*56 


2' y 


2069-52 


2028*26 


1976-83 


X - 2^ 


1948-90 


1907-75 







R2 Q3 P4 


H4 Q5 



y - 0 ^ 



2146- 17 


2007*00 



2' y 



2037-5, 


1951-81 



X - 2' 




1925-4, 
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§ L The Initial Rotatioml Levels. 

Let us imagine for a moment that the x'^^ are zero. Tlum in the lower state 
the intervals between all the a and b levels at a given i? are known completely 
(see fig. 2 for example). Hence the rotational intervals in any upper state can 
be immediately determined from the bands, in the usual way. This gives 
Table IX. It is to be remembered that x is not usually zero, and hence that 
in each diagram in Table IX the whole of the ‘‘ dotted levels are to be raised 
relative to the “ solid levels by the x of the corresponding lower vibrational 
state. Thus using F (K) for the true level, and considering, for instance, 3d! 
t; — 0, the number 30-06 is really F (2) — F (1) — Xq, while 70*09 is really 
F (3) F (2) -h ^ 0 - corresponding singlet levels are included in the table 
for comparison. One difference between the two sets of data should be 
mentioned. The singlet level differences do not involve any uncertainty 
corresponding to the small quantities x (o'') which enter into the triplet data ; 
because these levels Iiave been measured (in our papers on the singlet systems), 
with reference to the 2p state, where this duplicity does not occur and the 
intervals can be computed very accurately. 

Unfortunately there is im evidence in the spectrum that the corresponding 
triplet state 2p exists, and, in fact, it has been concluded on theoretical 
grounds that it is unstable. The main hope of ever determining the small 
quantities x (o") lies in finding the transitions from idVLUA down to 
This last is a known state,* but the bands, which should lie in the accessible 
part of the infra-red, have not yet been looked for. 

The most striking feature of Table IX is the extraordinarily close similarity 
of the 3d ®14 and 3d ® levels with the 3d^II^ and levels respectively. 

In fact, they are so much alike that the values of the second differences are in 
a great many instances interchangeable to the accuracy of the data, which for 
the most part is very high, and the small uncertainty x (v"). The only dis- 
crepancy is at the lowest level of v 3 in the IIj, levels. Here it is 82*31 for 
Sd®!!^ as against 77*30 for Sd^II^,. Even this divergence is not sure as there 
is an alternative possibility which would remove it. If instead of the Q' 1 
and P' 2 lines given in Table II we use Q' 1 = 16367*90(1) which is coincident 
with P' 4 of 2 2, 3d 2p ®II and P' 2 ^ 16263 *87(1) which is coincident 

with R4 of 2 2, 3^ ®ri 2^ »S the Q' 1 — P ' 2 final interval is 104*03 instead 

of the standard value 103*94. However, these alternative lines, according to 

♦ Richardson and I)ae,i‘Proc. Roy. Soc./ A, vol. 122, p. 711 (1929); vol, 125, p. 309 
(1929)* 
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the measures of Kapuscinsky and Eymers, look a little too strong both as 
P' 4 of the 2 2 band and as R4 of the a band ; so it is quite possible that they 

also belong to the present band and the two lines in Table 111 are something 
else. We have therefore decided to insert both sets of values as alternatives 
in Table IX. 

We now turn to the S levels. It will be noticed that the lowest interval of 
3d®S is queried at each vibrational level. This is because this interval is 
determined at each level by a single P' 1 line which has no combinational 
(confirmation," In fact, there is no possibility of such confirmation until either 
corresponding lines of the non-diagonal bands or lines coming from the same 
upper levels and going down to some other final level such as can be 

found. This particular difficulty does not arise with the singlet levels which 
give rise to long progressions going down to 2p There is no possible doubt 
that the singlet levels at K — 0 are upper hvels of Homething which goes down 
to 2p^X at K “ 1. The lines on which they are founded must be either (1) 
Pi lines, or (2) Q1 lines, or (3) R1 lines without any corresponding P3 lines. 
There is no reasonable doubt that the K — 0 level has been correctly assigned to 
JkPX at V “ 0 and v ^ 1. Whetlujr the irregularly spaced level at K — 0 
and ™ 2 belongs to the other v — 2 levels is uncertain, and has therefore 
been queried. As a matter of fact, the P' 1 lines of M were selected in the 
following manner. It was observed that the intervals at v ~ 0 between 
K 1 and K — fi, whi(;h are firmly established by the final combinations, 
arc very similar to the (^orres|K)nding intervals of 3<PS and that vacant line 
was chosen as P' 1 of 0 -> 0 M -> 2p ^11 wliich came nearest to making that 
similarity extend also to the lowest interval between K 1 and K 0. It 
was then noticed, without further reference to the properties of the singlet 
levels, that the levels of M above K -- 1 at v --- 1, 2 and 3, which also 
securely on the final combinations, are also very similar to those at v ~~ 0 
from which they cliange progressively and regularly as v changes to 1, 2 an<l 3. 
For the remaining P' 1 lines therefore those vacant lines were schicted which 
would make this progressive and regular change with change in the vibrational 
quantum number extend also to the lowest rotational level. It is not possible 
to make any appreciable change in the lowest levels if it is assumed that the 
P' I lines nially exist, if tluise similarities shown by the higher levels are to 
extend also to the lowest rotational level. In I we placed P' 3 of 0 -> 0 
3d®S->2jo®n 13*79 wavenumbers higher at 16870*70(1) but practically all 
the strength of this line is now required as P3 of 3 -> 3 3d 2p It is 
true that the substituted line 16856 *91(1 A) is also R7 of 0 >i) 3p®n 

VOL. CXL.—A. 
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74^17 74-73 7S-76 9011 82 18 83*12 82*3li, or 77*30 

or 77-90-'^o*88 
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but it is an h line and is too strong in the a band. In fact, from every standpoint 
the new P' i line^ look definitely better than those used in I, 

It will be seen that there is a very close resemblance between the levels of 
3d®2 and at v 0. As we have explained, this condition has been im- 
posed on tlic lowest rotational level of 3d by the (ihoice of the P' 1 line. All 
the remaining levels, however, have been determined by considerations which 
have no similar interconnection. The K ™ 7 level of 3d at v = 0 is affected 
by a perturbation which we have discussed elsewhere.* There are two possible 
sets of R6 lines to determine this level, but the one which leads to the abnormal 
differences 253*53 and 36*08 looks to be much the more convincing physically. 
In fact, the set which leads to the more normal differences 270*97 and 53*52 
may well be merely the result of an accidental coincidence, since it consists only 
of three lines which have a wrong intensity distribution for a 0' prograssion 
and two of them are now known to be coincident with lines of other bands. 

3d and 3d ’ 2 are also very similar to each other at v — 1 , but not so closely 
as at V " " 0. At v — 2 they differ quite markedly from each other and the 
dissimilarity is further intensified at = 3. It is not absolutely (pertain, 
however, that the set of levels given in tlie table at v — 2 really belongs to 
3d ^2. Wef originally published them as the v — 2 levels of 3^K. But if 
we replac^e them by the set of levels which we put originally in 3d ^2 at v 
the difference between lid ^2 and 3d®2 at this vibrational level is increased 
rather than diminished ; so that the difference is real whichever alternative 
we adopt and it cannot be regarded as an argument against the set of levels for 
3d ^2 at V 2 which is givtm in Table IX. It should perhaps be added that 
the abnormally placed K ~ 0 level of 3d^2 at u =: 2 did not come out of 3 ^K. 
This comes from some lines which we first published§ os PI lines of the v' = 2 
progression of 3d^fl^ 2p^2, before it was known that the upper level of 
this progression was a 11 level. Whether they come from 3d ^2 or not they 
certainly cannot come from 3d as this has no K 0 level. 

The rotational levels of 3d®ll,^ look very irregular; but then so do the 
rotational levels of M In fact, there is a good deal of resemblance between 
them which extends even to the details of the irregularities. As in the case of 
the 2 levels the similarity between 3d^n„ and 3dRl„ is closest at the u — 0 
level and falls off as v increases. 

♦ * Proo. Roy. Soc./ A, vol. 123, p. 74 (1920). 
t ‘ Proc. Roy. Soo.,’ A, vol. 124, p. 529 (1929). 

X ‘ Proc. Roy. Soc.,’ A, vol. 123, p. 73 (1929). 

(j ‘ Proc. Roy. Soc.,’ A, vol. 123, p. 468 (1929). 
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We have less information about the levels than the others. Their 
behaviour as v changes shows a good deal of resemblance to that of the 11 ^ 
levels. Thus the successive pairs of second differences 63*84, 59*36 : 63-85, 
55*96 : 57*43, 39*55 : 50 05, 31 *58 show a similar course to that of the two 
lowest second differences of 3d^n„, namely, 35*44, 34*61:44*68, 41*04: 
47*83, 42*45 : 48*92, 37*12. For the levels at i? 2 and = 3 are 

unknown, at — 1 only one rotational level is known so that the intervals cannot 
be given. At t’ ™ 0 the 3d^A„ levels resemble all the other singlet levels in 
being very similar to the corresponding tripk^t levels, although the similarity 
is not so close as that shown by the 11 ^ and \ levels. 

It will be noticed that the irregularity in the t/ 1 level of 3d which was 
discussed in I, p. 679, has now disappeared. So have the other irregularities 
mentioned there. The bands in which these occurred have been entirely 
reconstructed. 


§ 5. The System l^s *2 2p ^0^^. 

This is a system ending on 2p^IT which does not come from the Hd^SIlA 
complex, although the bands lie in the same region as those described already. 
Up to the present we have only found the v' ^ I progression with certainty, so 
the description will be confined to that. In Tables IV and V, which were 
prepared before the properties of the system had been fully disclosed, the upper 
level of the system is called 3 ; but wc now consider that there is no doubt 

that it is the hitherto undiscovered level 3s However, those who disagree 
with this conclusion may still call it 3 if they wish. 

The lines are set out in the usual way in Table X. The final rotational differ- 
ences in Tables IV and V show that the main band has final vibration quantum 
number v" = 1. The reason for assigning the initial quantum number v' = 1 
to the bands will be considered later. The strongest branch is the P branch 
and the weakest the R branch with Q intermediate. Most of the strength of 
R' 3 is required by the line of the A band with which it is coincident and the 
R4 line is definitely absent. The lines of the non-diagonal bands are deter- 
mined by the final vibration differences given in Table VII. The 1 2 band 

is represented by the Ql and P2 lines and the 1 band by the P2 line. 
These Ql and P2 lines give the rotational === 2 combination difference 
109*80 as compared with the standard value 109 •77p. In each of the three 
bands the strongest line is F2. Some of the properties of the lines as given by 
Merton and Barratt have not been put into Table X as they refer to blends 
and are merely confusing. Perhaps the He+ opposite P' 1 ought to be 
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omitted. We believe the other data in the table to be the properties actually 
representative of the lines of the present bands with the possible exception of 
the h line Q5. If these bands belong to 3s -> 2p *0 we should exp(KJt them 
to have properties similar to the a, j3, y ... bands np ®n > w ™ 3, 4, 6 
The characteristic features of the a, p, y bands are (1) depression in the con- 
densed discharge of the lines with low K, frequently accompanied by enhance- 
ment of the lines with high K values ; (2) low pressure enhancement of the 
low K lines changing over to high pressure enhancement at high K ; (3) absence 
of the 2jeeman effect. Examples of all these properties can often be found in 
a single branch of these bands ; for instance, the P branch of 0 0 3p ®n 

These are just the properties shown, so far as data are available, in Table XIII. 
They are in strong (contrast to tlie properties of 3d 2p ®n, the other system 
ending on 2pm and coming from an upper S level, set out in Table I. The 
excitation potential of the strong P2 line? of the 1 1 band has been measured 

as 12*39 volts by Finkelnburg, Lau and Keichenheim. This is about right if 
the final level is v'' 1 of 2p*n. The band lines show evidence of the 

alternation of intensity in the ratio of 3 : 1 for the a : lines which is character- 
istic of the spectrum. 

If we extract the rotational term differences of the upper level by the same 
method as was used in the case of 3d we get the values given with their first 
and second differences in Table XI. These terms are very regular and do not 

Table XI. 


K 

I 

6 

4 


3 


1 

0 


Terra tliffereiicea of *2'. 

I 


277-44 

, 52 - 72 ^ 

224-72 ^ 


^ 54 - 50 ^ 

170-13 


1-87 

1-37 


■ > 55 - 90 , 


114-17 


> 0-85 


57-36 


66-81 


> 0-56 


show the complicated uncoupling effects which are characteristic of the terms of 
the complexes. On the contrary, they are of the same type as the 

terms of the regular levels 2« ®S and and are given approximately by the 
expression 


F(K) = B(K + i)*+p(K + J)« 


( 1 ) 
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Owing to the method of extraction the terms as set out in Table XI involve 
the unknown small doublet distance which is introduced when the lowest 
interval is measured by subtracting P' 1 from Ql. No doubt the effect of 
this is minute, but it is a disadvantage if we wish to determine the rotational 
constants of the level. We can avoid this uncertainty if we keep to the PR 
differences which depend solely on the upper levels. These are 

R' 1 - F 1 = /2 -/() = 171 -53, R 2 - P 2 F3 - FI 284-30, 

R' 3 - P' 3 =- /4 - /2 -- 394 • 85, R4 - P4 = F 5 - F3 = 502 • 16. 

By applying equation ( 1 ) to the two lowest of these differences we find for the 
constants of the upper level 

57-435, (ii = - 0-019,3. 

These compare with the values, shown in Table XII, of 2 B 5 and — fl, for a 
number of other hydrogen levels. 


Table XII. 


Level-f 2pHIat, Sp’Ilat Up’^Hab 2«*i: 2j)>Z H,4- 

S7-K, 06-,j 65-, 6B-J 63-50 67-4„ .36-98 66-4 

0 019 0 019 0-017, 0 03 0-021 0-019, 0 0152 0-02 


The values of 2 Bi for 3p ®n and 4p ®11 are not very accurate. Owing to a 
perturbation at the d = 1 level of 3p ®n the value of 2 Bi has been obtained 
by interjwlation from the values of 2Bo, 2 Bj and 23* (I, p. 674). The data for 
i'P *11 are very meagre. It is probable that the true values of 2Bi for those 
np *11 levels drop smoothly from the value at w = 2 to that for Hj-f-, with 
most of the drop o(!curring between m = 2 and m = 3 ; just as do the values 
of 2 Bo, which are much more certain. At the first glance the value 
looks too low for 3s *L in comparison with 63-60 for 2s *2. But we have to 
remember that the value for 2 s *2 is a long way from that for H, 4 -, which is 
also the end of the series ns *2. If most of the drop in this series also takes 
place between n = 2 and n = 3 the value 67 • 433 for 3s *2 is not unreasonable. 

An alternative which may be considered is that the upper level of the pro- 
gression is the v~2 level of 3s *2. This would make 2B, = 57 -483 and 2Bj 
would be about 60-6. This perhaps would not be an unreasonable value, 
although rather high. However, in a progression involving transitions 
between two levels of the type under consideration it is practically certain 
that the maximum strength will lie in the diagonal bands. In the strong band 
the upper and lower statos have practically the same value of B, a fact 
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which ia obvious without any analysis from the highly compressed Q branch, 
in which all five lines lie within a total range of 7 wave numbers. For the 
maximum strength to move from the 1 1 band to the 2 1 band we should 

require a value of B for the upper state a good deal different from that for 
the lower state. The discrepancy would have to bo something comparable 
to that between the 26^ of 2i?®S (63-5) and that of (52*7). We think 
on these grounds that the j>osaibiIity of the upper level of the progression being 
v' := 2 can be safely disregarded. 

We expect that the upper level is a S level because its transitions down to 
2p®n give rise to just those lines which should occur, in transitions from a 2 
to a II level. (The regidarity of the structure of the upper level enables us to 
say that there is a lino exactly where the P' 1 line should occur, thus confirming 
the existence of the K' = 0 level which occurs only in X levels.) It is not 
3d because that level has already been described and, as we have seen, has 
quite different properties. It is a 3S level (i.e., n = 3) because the denominator 
is quite close to 3 whatever value may bo assumed, in reason, for the unknown 
initial vibrational intervals. It is not 3p®S because tliat level is already 
known* and has a value of 2Bi — 49*16. In any event it could not be a 
np level because those levels are odd and cannot go down to 2p HI which is 
also an odd level. It cannot bo a level of the type of the abnormal levels 
(^K, ^L, ^M, etc.) which arc so abundant at n = 3 in the singlet spectrum. Its 
rotational structure is far too regular for this to be possible. It must be some 
regular even 3S level and the only possible level it can be is 3« Thus 
this argument by exclusion confirms the conclusion already arrived at by a 
study of the properties of the level. Except that the distribution of intensity 
between the branches does not agree very well with theory th(^ whole of the 
evidence is entirely consistent with this conclusion. 

§ 6. Energy Le\)el8^ Intensities and ConsUxnls. 

The present state of the wave-mechanics offers a quantitative explanation 
not only of the almost unperturbed states like 2p *11 but also of the strongly 
uncoupled upper d states. It yields the vibrational and rotational constants 
of the hypothetical unperturbed states associated with the actual states ; and 
it enables the intensities in the bands to be calculated. When this is done the 
results are quite good, both in the 3d® and the 4d® systems. In fact, they are a 
strong argument for the correctness of the bands. In order not to prolong 


♦ Richardson and Pas (h(u cdt.). 
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the present coniinuni(;ation, we shall give these results in Part III, confining 
the present paper mainly to the directly observed properties of the 3d® bands 
and of wliat we believe to be the 3.v bands. Part III will include an account 
of the bands coming from tlie 4d ®S ®n ® A complex and will also deal with the 
v^,^s and v/s of all the levels and with the other constants which can be derived 
from them. The values are not changed very radically from those given in 
I, §9. 


§ 7. Suninmry. 

This paper describes a re(;onstruction and extension of the band systems 
coming from 3d®S, and and ending on levels which 

were put forward in L The new 3d -> 2p HI system is, in essentials, 
merely an extension of that described in Part I. The 3d ® A^^ 2p ®n systems 
are, apart from unimportant details, the same as the re-arrangement and 
extension of the former 3d *11^^^, 2p ®ri and 3d ® A^^ - > 2p ®n systems recently 
put forward by Sandeman, New bands have been found for the 3d •> 2p ®ri 
systems. Part of a band system ending on 2p®n and coming from the 
hitherto undiscovered 3s ®1! level is also described. The properties of the levels 
are discussed and a few of the principal constants determined ; but most of 
these are left over to a follow ing paper which will also deal with the band 
systems coming down to 2pHl from the 4<i®SIIA complex and with all the 
theoretical intensities. 
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The Effect of the Solvent on Refaction Velocity. III . — The Inter- 
action of Persulphate Ions and Iodide lons.^ 

By Frederick George Soper and Emyln Williams. 

(Communicated by J. L. *Simoii8en, F.R.8, — Received October 14, 1932.) 

Although in homogenous biraolecular gaseous reactions, the constants A 
and B of the empirical equation of Arrhenius, k ~ Be^^' have now a precise 
meaning, thoir exact significance for reactions occurring in solution is still 
doubtful. Inspection of the results obtained by various workers shows that 
changes of solvent may cause, for any one reaction, very marked changes in 
B 80 that, although in certain cases B is the same for the reaction in solution 
as for the reaction in the gaseous state,! it appears necessary to conclude that, 
in genera], this constant embodies factors which are dependent on the solvent 
environment. 

The considerable changes in B on change of solvent are shown for three 
reactions in Table I. Values of RT/nB have been cahmlated for the inter- 
action of dimethyl aniline and methyl iodide, J for bromoacetophenone and 
aniline, § and for pyridine and allyl bromide.!! 


Table L— Values of RTfnB RTlnk + A. 


Solvent. 

PhNMca -f Mel 
at 20®. 

PhNH, + CH,BK;OPh 1 
ftt37-8°. 

C,H,N + C,H,Br 
at28'3“. 

Benzene 


3,83() 

9,570 

Tetrochlorethane 

1 13,843 

— 

10,700 

Chloroform 

1 " 

6,800 

— 

Aoetone 

1 

8,850 

10,440 

Nitrobenzene 

j 1/5,010 

10,820 

— 

Ethyl alcohol 

I — 

12,200 

11,525 

Benzyl alcohol 

1 10,8/50 

12,370 

1 


* Previous papers in this series have been published by Richardson and S oper ( ‘ J . 
Chem. Soc.,’ p. 1873 (1929) ) and Soper and Williams (ibid., p. 2297 (1931) ). 
t Moelwyn-Hughes and Hinshelwood, ‘ Proc. Roy. Soc.,* A, vol, 131, p. 177 (1931). 

J Essex and Gelormini, ‘ J. Amer. Chem. Soc.,’ vol. 48, p. 882 (1020), 

§ Cox, ‘ J. Chem. Soc.,’ vol. 119, p. 142 (1921). 

II Hawkins, ‘ J. Chem. Soc./ vol. 121, p. 1170 (1922). 
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The iuterrelation of the constants A and B observed for any single reaction 
carried out in a number of solvents is interesting and significant. In Table II, 
A is compared with KT/wB and with UTlnk for the interaction of aniline and 
brornoacetophenone (Cox, Im, cit.). 


Table II. 


Solvent, j 

A. 

RT/nB. j 

KTlnk 

1 

Benzene 

8,090 

3,830 

4,260 

Chloroform 

10,760 

0,8(H) 

3,900 

Aeetono 

11,080 

8,850 

2,230 

Nitrobenzene 

13,470 

10,820 

2,650 

Kthyl alcohol .. . 

13,900 

12,200 

1,700 

Benzyl alcohol 

14,290 

12,370 

1,920 


Since k — or A — RT/nB — 'RTlnk, constancy of B would necessitate 

a reciprocal dependence of the velocity coefficient on the critical increment, 
whereas, in th(j present example, increase of A is attended by an increcuje in 
RTlnky instead of the de(ueasc anti(dpat(d by analogy with gaseous reactions. 
The resulting concordance between changes in A and in RTiwB on change of 
solvent cannot, in this case, be due to an artificial selection of data caused by the 
exclusion of excessively slow or excessively fast reaction velocities,*** which 
may result in some interrelation between these quantities when velocities 
of different reactions are (compared. In the study of the effect of solvent on 
the rate of a particular reaction, very fast or slow rates are not excluded, but 
rather sought for, in illustration of the solvent influence. 

An explanation of the interdependence of the constants A and B on change 
of solvent, follows from the suggestion made by Richardson and Soperf 
to account for the dependence of the solvent effect on the reaction type. It 
was observed that the effect of changing from a non-polar to a polar solvent 
is to increase the s|)eed of reactions, where the products are polar relatively 
to the reagents, and to decrease the speed of reactions, where the reagent 
substances are the more polar. It was suggested that the solvent tends to 
disrupt the critical complex into those substances for which the solvent has 
the greater affinity. If, on these grounds, we formulate reaction velocity in 
solution by the equation, A: = P . where represents, as in 

gas reactions, the collision frequency of molecules having the necessary energy 

♦ and Hudleston, ‘ J. Chem. Soo.,* p. 1398 (1932). 

t ‘ J. Chem. Soc.; p. 1873 (1929). 
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of activation, and P is a probability factor which is connected with the relative 
polar nature of reagents and products and which varies uith temperature^ then 
the Arrhenius constants A and B will acquire a modified significance. The 
relation of the constant A to E, the true energy of activation, will be obtained 
by separating P into teinperat«r<» variable and non-variable parts, in ord(*r 
that comparison may be njade with the equation Ink ~~ A/RT + 
Thus, 

Ink =- - / E f RTO/wP/aST ^ ^ 4. /„p 4, TrfZ«P/rfT), 

and, since the second part of the expression is ind(ipendent of teinperatun* 
(the variation of Z being n(*glected), 

A E I IWdhiPjdT 

and 

RT/nB - RTZ/fPZ f UTHlnPIdT. 

The frequently observed parallelism between changes in A and RT/nB on 
change of solvent thus finds explanation in the existence of the common term 
RT*d/nP/dT, and, incidentally, variation in the observed critical increment, 
with temperature< or solvent, may not necessarily imply appreciable alteration 
in the true energy of activat ion of the reaction. 

An alternative interpretation of this temi)erature variable factor, P, is that, 
when reagent molecules of the requisite energy collide, the solvent may favour 
or may hinder their articulation into a critical complex. The solvent may, by 
its afl&nity for a particular type of molecule, tend to form that type, or, on the 
other hand, by its affinity for the reagent molecules tend to resist the formation 
of the new type. The criticial complex when formed is tlien assumed to break 
down immediately to form the reaction products as in the theories of Scheffer,* 
and of Bronsted.t The critical complex will have properties which are a 
mean of those of the products and reagents, and therefore, if the reaction is one 
where the products are relatively polar, the intermediate critical complex 
will alsp be polar in comparison with the reagents. Hence, as is observed, 
polar solvents, owing to their affinity for polar molecules, will favour the forma- 
tion of such a critical complex, and will enhance the speed of rtmetions of this 
type. On this view the factor P, taking solubility as a measure of solvent 
affinity, may be written as s^js^ where and are the '' solubilities ’’ of the 

*•' Sohoffer and Kohnstamn, ‘ Verslag. Akad. Wctensch. Amsterdam,’ voL 19, p. 878 
(1911); Scheffer and Brandsma, *Kec. Trav. Chim.,’ vol. 45, p. 522 (1026). 

t ‘ Z. phys. Chem./ vol. 102, p, 169 (1922) ; ibid., vol. 115, p. 337 (1925). 
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critical complex, and of the reagents, respectively in th(i solvent. Alterna- 
tively, since s is inv(?raely proj>oriioual to the activity coefficient /, 

and 

or 

which, omitting the exponential term, is the Br<mated equation. 

Th(^ object of the present work was to differentiate betwe(m these alternative 
hypotheses. Both views are in accord with the (equilibrium requirements of 
a reversible reaction, and with the general effect of x solvtmts on reactions of 
the two types, i,e., those in which the products arc more, and those in which 
the products are less polar than the reagents. Both suggestions would also 
account for the parallelism between A and liTZnB for reactions examim^d in 
a series of solvents, since a probability factor has been introduced which may 
vary considerably with temperature. The first view, involving a variable 
break-up of the critical (iomplex, associates the solvent effect with the relative 
properties of the reagents and products, whilst the second affirms that the 
effect will be determined solely by the properties of the reagents and of the 
critical complex, A study of a reaction between ions, in solutions of low ionic 
strength, should thenifore provide evidence on this point. 

If there is a tendency of the solvent to break up the critical complex after 
formation, in a manner which depends on the relative affinity of the solvent 
for the products and reagents, the effect of ionic strength of the solution on the 
speed of reactions of type 1 and 2 

A+ + B+ +D (1) 

A+ + B+-X-C+ +D^' (2) 

will not be exactly the same. Increase in ionic strength would tend to favour 
reaction 1 and hence to increase the slope of the log k — curve above 
that of reaction 2,* 

A study of the persulphate-iodide reaction has therefore been made in order 
to compare the effect of ionic strength on the reaction with its corresponding 
effect on the thiosulphate-bromoacetate reaction, studied by La Merf as a 

* In Iwth reactions, the velocity c oefficient would be expected to increase since the 
specific collision frequency of ions of unlike sign increases with increase of ionic strength 
{Christiansen, ‘ Z. phys. Chem.,* vol. 113, p, 35 (1924) ). 

t ‘ J. Amer. Chem. 8oc./ vol. 51, p. 3341 (1029) ; * Chom. Rev.,’ vol. 10, p, 179 (1932). 
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precision test of the Br^nsted theory of reaction velocity. Since th<‘ per- 
sulpliate-iodide reaction is bimoleeular* * * § it proceeds in consecutive stages, 
necessitating an abnormal distribution of electrons in the product ions of the 
first stage, 

mIow. 

SA" + r-X"'->SaO,'" + I 

IrtHt 

S20e"' + r-> 2 S 04 " + I, 

wliilst the bronioacetate4hio8ulphate reaction conforms to type 2, reagent and 
product ions being of similar valence. 

SaOa" + BrCHgCOO' - X"' -SgO^CHaCOO" + Br'. 

In both cases the critical complex has a charge of minus 3 and divergencies in 
the activity coefficient from the simple Debye-Hiickel limiting lawf may occur. 
However, over the same region of ionic strength, and in the presence of ions 
of similar valence, divergencies from this law should be common to both critical 
complexes and should affect the slope of the two logi; - \j. curves to an 

equal extent. 


ExjH^'nmentaL 

The persulphate-iodide reaction was first vstudied by Slater Price, J who 
found that the speed was independent of liydrogen ion concentration unless 
iron or some other catalyst was present. The effoc^t of added salts on the 
velocity of the reaction has recently received much attention by von Kiss 
and his co-workers,§ 

The velocity of interaction is complicated to some extent by the fact that 
iodine formed removes iodide ions as tri-iodide, 

r + I- 

and this reduces the comjentration of one of the rt.‘ugents, so that the bi- 
molecular coefficient falls with time. According to von Kiss and von Zombory 
{loc, ciL), the tri-iodide ion does not react with ptTSulphate, and when allowance 
Is made for the tri-iodide equilibrium the reaction conforms to a bimolecular 

* Slater Frieo, ‘ Z. phys. Chem.,’ vol. 27, p. 474 (1898). 

t Gronwall, La Mer and Sandved, ‘ Phys. vol. 29, p, 368 (1928). 

} ‘Z, phya. Chem.,’ vol. 27, p. 474 (1898). 

§ von Kisa and von Zombory, *Kec. Trav. Chim,,’ vol. 46, p. 225 (1927) ; von Kiss, 
*Z. phya. Chem./ vol. 134, p. 26 (1928); von Kisa and Bossanyi, ‘ Rec. Trav. Chim.,’ 
vol. 47, p. 619 (1928) ; von Kiaa. ‘ Reo. Trav. Chim./ vol. 48, p. 608 (1929) ; von Kiss and 
Hatz, ‘ Beo. Trav. Chim.,’ vol. 48, p. 7 (1929). 
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law. The reaction, they state, is sensitive to certain catalysts, copper, 
ferrous salts and light, 

Jette and King,* however, consider that the tri-iodide ion can react appreci- 
ably with persulphate, and support their contention by fresh experimental 
data. 

The method adopted in the present investigation avoids a decision as to the 
reactivity of the tri-iodide ion. The speed was examined only over the range 
of the first 25 per cent, change of the persulphate, so that the concentration of 
the tri-iodide ions, and tlu^refore their effect, was always small, and further, 
the (X)n8tants have been extrapolated to the commencement of the reaction. 

While this work was in progress a paper was published by King and Jacobsf 
giving observations on the rate of interaction of persulphate and iodide ions 
over the range of ionic strength examined by us. These authors found that 
plotting log k against \/‘[i gave a slope for the curve which agreed with tlie 
Bronsted equation up to y" fx — 0-()6, but above this ionic strength there was 
an increasing lajgative deviation. Since a rea(5tioii in solutions containing 
only univalent ions would be ex})ected to follow the theoretical expressions 
to much higher ionic strengths than if bivalent ions are present this particular 
reaction was regarded as a somewhat unsatisfactory test of the Bronsted 
equation and a further series of experiments was earned out, wliere the con- 
centration of the bivalent persulphate ions was kept low, and the ionic strength 
increased by addition of iodide ions. Alteniatively the concentration of both 
reactants was kept low and an inert, salt added to keep up the ionic strengtli. 
Better agreement with theory was then obtained. 

A comparison of our results with the results of King and Jacobs showed a 
serious discrepancy. At the higher concentrations the difference was not so 
great, but at the lower concentrations our values were some 30 per cent, lower. 
King and Jacobs’ method of estimation involved the addition of small quanti- 
ties of thiosulphate and starch to the reaction mixture and noting the time 
taken bt^fore the appearance of blue colour. From this time, which was deter- 
mined by using a photoelectric cell, the velocity constants were calculated. 

The large difference in the results of the two investigations, involving 
different methods of estimation, led us to examine the effect of light on the 
reaction. For this purpose solutions of M/2000 persulphate and M/IOOO 
iodide were divided into two equal portions and mixed. The two resulting 
reaction mixtures, to which starch and 1 c.c. of thiosulphate (N/500) were 

♦ ‘ J. Amer. Chem. 8oc.,’ vol. 51, p, 1034 (1929). 
t * J. Amor. Chem. 8oc.,* vol. 53, p. 1704 (1931). 



65 


Effect of the Solvent an Reaction Veiocity. 

added, were maintamed at the same room temperature in a tank of water 
one being protected from light whilst the other was illuminated by a 100-watt 
(opal glass) lamp at 10 um. distance. After 2| hours the one which had been 
protected from light was a light blue colour, whilst the other was dark blue. 
The iodine produced in these two solutions during this time corresponded to 
2*26 and 5*71 c.c. of N/5(X) thiosulphate respectively, showing that the 
reaction proceeds at a greater rate when illuminated. 

This is not surprising when one considers the sensitivity of solutions of 
potassium persulphate to light, as shown by the work of Morgan and Crist.* 
The photochemical decomposition was found to proceed according to a zero 
or linear order with a limited light intensity which might account for the 
greater divergency between our results and those of King and Jacobs in the 
more dilute solutions, where the photochemical reaction would have a greater 
effect. 

In our experiments the reaction was carried out in standaid 600 and 1000 c.c, 
flasks immersed in a thermostat at 25*0® C. ± 0*02® C., the rati* being followed 
by titration of the iodine formed. The potassium j>ersulphate was purified 
by repeated crystallization until free from sijphate and was dissolved in water 
distilled first from chromic acid and then from baryta. To this solution was 
added the requisite quantity of a solution of B.D.H. “ analytical reagent ’’ 
potassium iodide, made up in water of similar high grade. Portions were 
pipetted out at intervals and titrated aguiust standard thiosulphate in a long 
colourless glass cylinder with starch as indicator and in an atmosphere of 
nitrogen, t In this way end-points were obtained to 0*06 c.c, using N/600 
thiosulphate. This represents a maximum error of 1 p<^r cent, on a 5 c.c. 
titre, and causes the possibility of a 2 per cent, error in 

The velocity coefficients were calculated from the formula 

dxldt ^ k [SjOj"] [!'] i (u -- x) {b - 2x) 
which on integrating gives 


when 6 > 2a 


i t^a(b — 2x) 

1 

% 

1 

b <2a 

kt = 

1 l„ b(a-x) 

2a — b ’ a {b — 2x) 

„ b as 2a 


J. * 

2a ' a — X* 


♦ * J, Amer. Cbem. Soc.; vol, 49, p, 16 (J927), 
t Soper, * J, Oiem. Soc./ p. 1908 (1924). 


von, CSX,— A. 


F 
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The bimolecular nature of the reaction was confirmed by carrying out the 
reaction, at varying initial concentrations of the reagents, in the presence of 
0*2 M potassium nitrate, which was added to keep the ionic strength approxi- 
mately constant. The results shown in Table III were obtained. 


Table IIL — Velocity of Interaction of Persulphate Ions and Iodide Ions in 
presence of 0*2 M Potassium Nitrate. 


Initial persulphate 
oonoentration. 

Initial iodide 
oonoentration. 



O'OOSM 

0-01 M 

0*379 


0-006M 

0-006 M 

0-371 


0 0026 M 

0 006M 

0*371 


The observed rate of production of iodine may not, however, give a true 
measure of the rate of interaction of persulphate ions and iodide ions. Per- 
sulphate, even in carefully purified water, shows a slight decomposition. The 
rate of this decomposition has been observed by Elbs and Neher,* and by 
I^evi and MigUorini,t and though, by careful purification and exclusion of 
light, the stability of the salt can be greatly increased, the decomposition in 
10 days is still observable, viz., 3*6 per cent, for a M/200 solution. 

The uncertainty in the observed velocity of interaction caused by the slight 
decomposition of persulphate depends on whether its spontaneous decom- 
position yields nascent oxygen which, with the iodide, slightly increases the 
rate of iodine production. The decrease in concentration of persulphate 
itself, owing to this decomposition, is not of importance since its effect on the 
velocity coefficient Is eliminated by extrapolation to the time of starting the 
reaction. Examples of such extrapolations are shown in Table IV. 

If the spontaneous decomposition of the persulphate results in an equivalent 
formation of iodine, correction may be made as follows. Representing the 
rate of formation of iodine as v, 

*^-fc2[I1[SaOn + Ai[S, 03 "], 

where ki is the velocity coefficient of decomposition of persulphate which is 
regarded as obeying a unimolecular law. , If the imcorreoted value for the 
velocity coefficient of interaction of persulphate ions and iodide ions be denoted 

* * Ohem. Z,,’ vol. 46, p. 1113 (1921). 
t * Gazzetta,’ voh 36, p. 699 (1906), 
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ab ]c 2 

^'aLrJLSaOg"] - fcaCn [8,0/1 + [8*0/1 

and thus 

h == *'2 - hiv^ 

Tho effect of this correction would, therefore, be slightly to decrease the value 
of the velocity coefficient, the corrections increasing with fall of concentration 
of iodide, i.c,, the results at tho lower ionic strengths would be subject to the 
greater decrease. 


Table IV. 

[8,0/1 0-005 M [8,0/1 = 0-008399 M [8,0/1 ^ 0-0002 M 

[11 = 0-01 M [II 0-0002 M [II == 0-0004 M 


Time. 

k,. 

Time. 

1 

1 

Time. 


minuted 


minutes 


days 

3 


SO 

0121 , 

120 

0 0798 

O'O0O7 

60 

0-119 ! 

269 

0-0782 

6 

0*0594 

90 

0-118 ! 

329 

0 077B 

9 

0 0574 

120 

0-115 

384 

O' 0760 

12 

0 0540 

150 

0-114 





Extrapolated to time 0, 

Extrapolated to time 0» 

Extrapolated to time 0 
£, =. o-oe24. 

0-123. 

k, = 0 0812. 


It was impossible to determine whether such formation of iodine from tho 
persulphate decomposition actually resulted. Attempts at the diiect esti- 
mation of the persulphate in dilute solution (N/200) usmg titanous salts, which 
would avoid the uncertainty, were not successful. 


Remli^ and Discussion^ 

The value of the velocity coefficients obtained (without the above correction) 
arc shown in Table V, In the first and second series of experiments the 
concentration of the iodide was always twice that of tho persulphate. AH 
these experiments were duplicated. In the third series of experiments, the 
persulphate concentration was kept low and the iodide concentration increased 
to change the ionic strength. This was done in order to eliminate any possible 
disturbing factor due to tho divalent ions as suggested by King and Jacobs, 
The values of log k have been plotted against \/jl in fig. 1, and the resulting 
points compared there with the corresponding ones for the bromoaoetate- 
thiosulphate reaction. 
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Table V. 


MoUr 

concentration of 
iodide. 

Molar 

concentration of i 
persulphate. 

: 1 

fi. 

1 

VM* 

Series 

^«* 1 

log*,. 

0*01000 

1 

0- 00500 

0*02600 

0* 15810 

1 

O’ 1230 

1-0899 

0 01000 

0 00600 

0*02600 ! 

0*15810 

2 

0*1230 

I 0899 

0- 02440 

0-(HK)20 

O’ 02600 

0*16810 

3 

0*1220 

1-0864 

0- 00910 

0-00405 

0*02026 

O’ 14229 

1 

01180 

1-0719 

0 00910 

0*00405 

0 02026 

O’ 14229 

2 

0*1190 

1-0766 

0*(K)040 

0*00320 

0*01601 

0- 12648 

1 

O’ 1010 

1-0043 

()• 00040 

0-00320 

0 01601 

0*12648 

2 

0*1020 

1-0086 

oomi 

0 00020 

0-01601 

0 12a}8 

3 

0*1030 

I -0128 

0* 00490 

()• 00245 

0*01226 

O’ 11067 

1 

0*0925 

S-0661 

0*00490 

0*00245 

0 01226 

()• 1)067 

2 

0*0922 

2-9647 

0*00360 

0*(H)180 

0’(K)900 

0*09486 

1 

0*0829 

2-0186 

O’ 00360 1 

0 ’00180 

0‘001KK) 

0*09486 

2 

O’ 0846 

2-9269 

O’ 00840 1 

0-00020 i 

0*00900 

O’ 09486 

3 

0 0812 

2-B096 

O’ 00250 

0 ’00125 1 

0*00626 

0*07906 

1 

0 0814 

2 9106 

0 ’00250 

0 ’00126 

O’ 00626 

O’ 07905 

2 

0*0742 

2-8704 

O’OOlOO 

0-00180 

0-00399 

0-06324 

I 

O’ 0724 

2-8697 

0*00160 

0-00180 

0-00399 

0*06324 

2 

0-0732 

2-8646 

0’ 00339 

0*(X)020 

0*00399 

0*06324 

3 

0’0710 

2-8613 

0*00090 

0-00045 

i 0*00226 

0 04743 

1 

0*0664 

2-8166 

O’ 00090 

0*00045 

0*00226 

0*04743 

2 

0-0646 

2-8102 

0*00040 

0*00020 

0*00100 

0*03162 

1 

0*0622 

2-7938 

0 00040 

0 00020 

0*0OUK> 

0*03162 

2 

0*0624 

2-7052 



Fia. 1. — l»t fteries exi)eriment8 X . 2nd series experiments 0 . 3rd series experiments 

The slope of the log A: — \/iI curve obtained by La Mer* for the latter re- 
action was found to be 2 *0 at ionic strengths below 0’0025 in accordance with 
the requirements of the Brensted theory. When corrected for an error in 
computing the ionic strengths the slope of the log k — curve was reduced 
to 1-6. Later work by La Mer and Fessendenf shows that substitution of 

* ‘ J. Amer. Ohem. Soo.,’ vol. 01, p. 8341 (1920). 
t ‘ Chem. Rev..’ vol. 10, p. 179 (1932). 
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potassium bromoacetate and thiosulphate for the corresponding sodium salts 
gives better agreement with theory. 

In order to eliminate the uncertainty as to what constitutes the straight line 
of closest fit through a series of points, the slope of the log k — \/fi curve 
for the persulphate has been determined by the Method of Least Squares* 
The evaluation of the slope by this method is considerably simplified if the 
points are equally spaced, i.e., if \/ |x increases by the same amount over each 
interval,* 

The slope has been calculated for the three series of experiments, the values 
obtained being 2-422, 2*479 and 2*357 respectively, the latter value relating 
to those experiments where the persulphate concentration was kept low. The 
magnitude of these values prevents clear decision between the possible reaction 
processes which have been discussed, since the slopes are greater than were 
anticipated from either theory. The application of reaction velocity equations 
of the type log ifc — C f \/Ji — ^ balanced reaction, 

coupled with the fact that, when the slope of the log k — 

curve is between 0*7 and 1 *0 (La Mer, loc. ciL^ 0*8) limits, on the basis of the 
simple Debye-Hiickel theory, the magnitude of the maximum slope obtainable. 
The enhanced slopes observed for the persulphate iodide reaction may perhaps 
be due partly to the high charge of the critical compk^x (Gronwall, La Mer and 
Sandved, loc. ciL), in wliich case it is significant that the slopes are greater 
than that observed in the bromoacetate-thiosulphate reaction, f where the charge 
of the critical complex is the same and similar deviations might be expected to 
occur. Such comparison is in agreement with the idea that some state of 
indecision exists in the critical complex causing it to resolve itself in a way 
partly dependent on the nature of the medium. 

The work is now being extended to an investigation of the rate of inter- 
action of univalent ions of unlike sign, where the products are neutral molecules. 
Here, since no ions will be present of higher charge than unity, the Debye-Hiickel 
limiting law will be more precisely obeyed and a clearer decision possible. 

♦ Fisher, “ Statistical Methods for Kosearch Workers/* London, p. 124 (1930). 

t [Note added in Proof, Decemher 6, 1932, — ^The bromoaootato- thiosulphate reaction has 
recently been reinvestigated by Kappana and Patwardhan J. Indian Chem. Soc./ 
vol. 9, p. 379 (1932) ), who find agreement with the requirements of the Bronsted 
equation for ionic strengths from 0 * 00125 to 0 • 012ti. This would support the alternative 
view that the P factor is associated with the formation of the critical complex from the 
reigents, always assuming that the Debye-Hiickel limiting law is obeyed for the activity 
oooffioient of the trivalent bromoacetate-thiosulphate critical complex. The enhanced 
slopes for the persulphate iodide reaction would then have to be assigned to some other 
cause.] 
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Summary, 

(1) For reaction velocity in solution the equation A: = P . is pro* 

posed, whore P is a probability factor which varies with temperature and is 
connected with the relative polar nature of reagents and products, and 
2 g"K/KT ^ homogeneous gas reactions, the collision frequency of mole- 
cules possessing the requisite energy of activation. Comparison with the 
Arrhenius equation, k — shows that A = E + RT^nP/dTT and 

RTlnB -= RTkPZ + RTO/wP/dT. Changes in A and in RTinB for a par- 
ticular reaction on change of solvent are frequently closely related, which is 
attributed to the major influence of the common term RT^wP/dT. 

(2) Alternative explanations of the physical nature of P are formulated : 
(a) the solvent exerts its eJffect on the breakdown of the intermediate critical 
complex causing it to resolve itself mainly into those substances, either products 
or reagents, for which it has the greater affinity ; (6) the solvent exerts its 
efiect in aiding or hindering the articulation of the reagent molecules to form 
the critical complex. In both cases the effect of polar as compared with non- 
polar solvents will be to favour the production of polar molecules and thus to 
accelerate or retard the reaction velocity, according as the reaction products 
or the reagent substances are the more polar. 

(3) According to (6) the effect of ionic strength on the velocity coefficient 
of an ionic reaction should depend solely on the charges of the reagent ions and 
on that of the critical complex, whilst if (a) is correct, the relative charges of 
the reagent and product ions might also be expected to exert some influence, 
a medium of high ionic strength then tending to favour the production of high 
valence ions. The oxidation of iodide by persulphate ions, where the reagent 
and product ions are of dissimilar charge, has been studied over the range of 
ionic strength from p. — 0*001 to 0*025. The logifc — ^jl extrve obtained 
is compared with that plotted by La Met {Joe, cit,) for the bromoacetate- 
thiosulphate reaction, where the charges of the reagent and product ions are 
the same. The result favours alternative (a), but may be obscured by dis- 
turbances due to the high charge of the critical complex. 
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Critical Increments of some Chlorination Reactions. 

By R. E. Roberts and F, G. Soper. 

(Communicated by J. L. SimouRen, F.B.8. — Received October 14, 1932.) 

Moelwyn-Hughea* has recently shown that the observed rates of a number 
of reactions in solution approximate to those calculated from the collision 
frequency of the reacting molecules and the critical increment of the reaction. 
At first sight, this fact brings reaction velocity in solution in line with reaction 
velocity in biraolecular homogeneous gas reactions, where a sufl&cient hypothesis 
to explain the observed reaction rates, is that reaction occurs whenever two 
molecides collide with a combined kinetic energy equal to, or greater than, the 
critical increment. There are, however, a nimiber of reactions in solution, 
considered by Moelwyn-Hughes, which have a relatively low critical increment 
for which the calculated rate is several thousand times greater than that 
observed.! The conclusion drawn is that the observed critical increment of 
these reactions is false. 

The reactions which show this anomalous behaviour arc reactions of the 
type where quaternary ammonium salts are formed. In such reactions 
relatively nonpolar molecules are forming a salt. A reaction of the converse 
type where polar molecules arc forming molecules of a less polar nature is the 
interaction of acetic anhydride and ethyl alcohol.J Here also it is found that 
the calculated rate is many thousand times gniater than that observed. 

The explanation advanced by Moelwyn-Hughes and Hinshelwood (loc. cit) 
to account for these anomalous reactions is that ionization of one of the reagents 
is a precursor of reaction and that in coiisequenco the observed critical incre- 
ments involve the heats of ionization. This view is further examined by 
Moelwyn-Hughes and Rolfe§ for the interaction of acetic anhydride and ethyl 
alcohol, in which the actual reagents are assumed to bo the anhydride molecule 
and the C^ 50 ' ion. The calculated rate is then found to be approximately 
600 times less than the observed rate whilst assumption of direct interaction 

* * Chem. Rev.,’ vol, 10, p. 241 (1932). 

t C/. Norrish and Smith, ’ J. Chem. Soc.,* vol. 128, p. 129 (1928). 

I Soper and Williams, * J. Chem. Soc,,* p. 2297 (1931) ; Moelwyn-Hughes and Hinathel- 
wood, ibid., p. 230 (1932). 

§ ‘ J. aem. Soc.,» p. 241 (1932), 
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of the anhydride and alcohol molecules leads to a value too great by some 10® 
times. A fact that may be urged, however, against the view that reaction 
involves the etboxide ion, is the effect of the solvent on the reaction velocity, 
the solvents arranged in order of their accelerating influence being : hexane ^ 
heptane > carbontetrachloride > chlorobenzene benzene > anisole > 
ohloroforrn > nitrobenzene, i.e., the speed is less in polar than in nonpolar 
solvents, although the ionization of the ethyl alcohol and the concentration of 
the ethoxid(! ion will be greater in the former. It is possible that the increase 
in the concentration of the ethoxide ion in polar solvents is more than counti r- 
balanced by an increase in the true critical increment, although on general 
principles, the reverm^ effect on the critical increment might be expected, since, 
in the formation of the critical complex, electronic displacements occur whic*h 
will be facilitated, rather than rendered more difficult, by a j>olar environment. 

The reactions considered by Moelwyn^Hughes, the speeds of which show 
agreement with the collision theory, are mainly of one type, namely, reactions 
in which ions, or molecules possessing electrovalency, appear on both sides of 
the reaction equation, viz., 

RCONHa + HgO + H' - RCO^H + 

CHjOHCHaCl + OH' === (^2)20 + Cl' 

Cell^ (NOa)* + [Nal OR - CeH^ (NO,) OR + [Na] NO, 

CH3I + [Na] OR CH3OR + [Na] I 

[Na] + C2H5I - C^^HvOCaHs + [Na] I. 

Only two reactions fail to conform to this type — a type where there is little 
change in the polar nature of the products and reagents — namely, (1) the 
formation of urea from ammonium cyanate, probably involving a transforma- 
tion of unionized ammonium cyanate, NH4 + CNO' == NH4CNO == (NH4)gCO> 
and (2) the formation of triethyl sulphonium bromide from ethyl bromide and 
diethyl sulphide. With the exception of the latter reaction, all the reactions 
which conform to the simple collision theory are reactions in which products 
and reagents are of similar polar nature. To this class of reaction may be 
added the decomposition of chlorine monoxide examined in carbon tetrachlorido 
by Moelwyn-Hughes and Hinshelwood.* 

There appears to be evidence, therefore, for the view that reactions for 
which major discrepancies occur between calculated and observed rates are 
reactions in which the polar nature of the products differs appreciably ficom 

♦ ‘ Proc. Roy. Soc.,’ A, vol. 131, p. 177 (1931), 
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that of the reacting substances. This would be in harmony with the reaction 
velocity equation put forward in the previous paper, where the rate of a reaction 
in solution is given by 

In this equation P is some probability factor which depends on the relative 
polar nature of products and reagents and modifies the rate calculated in terms 
of collision frequency Z and energy of activation E. Whether P affects the 
rate of formation of the critical complex or whether it modifies the breakdown 
of the critical complex into the products (by the relative affinity the solvent 
exerts for the products and reagents respectively) has been left open {vide 
previous paper). One of the general effects, which may be tested directly, 
of the introduction of the temperature variable P term, is to cause a similarity 
in the changes of the terms A and B of the Arrhenius equation k — 
with change of solvent. Thus it may b(i shown that 

A = E + RT^dinP/dT 

and 

RTlnB = JiThVZ + mHlnV/dT, 

so that if E, the true energy of activation, does not vary much with change of 
medium, A and RTIwB should increase and decrease together since they both 
contain the same major term RTWnP/dT. 

To examine this point, the rates of chlorination of suitable phenols and 
anilides have been measured in a range of solvents. In such chlormations, 
^ RH *+• CI2 = ^ RCl + HCl, the reaction products arc more polar than the 
reacting substances, as in the formation of quaternary ammonium salts ; 
and, if divergences between calculated and observed reaction rates in the 
latter are due to this contrast in properties of products and reagents, rather 
than to special reaction mechanism, similar anomalies may be exp^scted for the 
rates of chlorination. 


Experimenf/iL 

The rates of chlorination of anilides and phenolic ethers have previously 
been studied in acetic acid or aqueous acetic acid as solvent, ♦ and in water.f 

♦ Qrt<m and King, ‘ J. Chem. Soc.,’ vol. 09, p. 1369 (1911) ; Orton and BradfieM, ibid., 
p* 986 (1927) ; Bradfield and Jones, ibid., pp. 1006, 3073 (1928), 2903 (1931) ; Bradfield, 
Jones and Spencer, ibid., p. 2907 (1931). 
t Soper, * J. Fhys. Cbem./ vol. 31, p. 1192 (1927). 
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The procedure followed in the present determinations was similar to that 
described by Orton, Soper and Williams,* in which a solution of chlorine is 
added to the solution of the anilides and the residual chlorine estimated at 
suitable intervals by addition of portions to aqueous potassium iodide, and 
titration with standard thiosulphate in an atmosphere of nitrogen. The 
solvents selected were all shown to be stable to cldorine over periods greatly 
exceeding that of the time required for a velocity determination. The absence 
of rapidly chlorinated impurities was also demonstrated by dilution of a chlorine 
solution by the solvent, and examination of the titre after dilution. No dis- 
appearance of chlorine was experienced. The initial disappearance of chlorine 
during mixing with an anilide or ether solution was therefore regarded as 
equivalent to the anilide or ether chlorinated and the corrected initial con- 
centrations, a and 6, were employed in the bimolecular formula for the velocity 
coefficient, k - l/^(a — 6), In b(a — x)/a(b — x), a — x and b — x being the 
concentrations of ether and chlorine at time t minutes after the “ arrest 
of the first removed portion of the mixture. Details of a typical experiment 
are given in Table I. 


Table I. — (Morination of Acetjdanthranilic Acid in Nitrobenzene. Tempera- 
ture 20‘0±0‘01'^ C. Thiosulphate = 1*003 N/200. Initial [anthr- 
anilic acid] 0*01183 M ; [CIJ = 0*00689 M. 


Time (minutes) 

0 

6 

10 

15 

20 

Titre of 6 c,c. thiosulphate 

11 05 

8'4a 

6-95 

5-47 

4-39 

* ' 

— 

5 38 

5‘41 

6*39 

5*41 


Experiments were carried out at 20*0^ and 30*0® and in some cases also at 
0°, Higher temperatures than 30° were not considered practicable owing to 
the increased volatility of chlorine and instability of the solvent to chlorine 
under these conditions. The acetic acid was purified by distillation from 
chromic acid according to the method of Orton and Bradfield,t and contained 
1 per c^nt. of water by volume. The nitrobenzene, chloroform, tetrachlor* 
ethane and hexane were washed with appropriate acid or alkaline solutions 
and finally with water, thoroughly dried and distilled. With hexane the 
fraction boiling at 67*8° to 68*4° was used. 


♦ ‘ J. Chem. Soc./ p. 998 (1928). 
t ‘ J. Chom. Soc.,’ p. 900 (1924), p. 983 (1927), 
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Results and Discussion. 

Velocity coefficients obtained at 20*0° are suminarixed in Table II, the 
values recorded being the mean of from two to four concordant experiments. 
The mean deviation from the mean for a aeries was found to be 2 per cent, or 
less, except for the rapid chlorination of p-cresyl methyl ether in acetic acid, 
the velocity coefficient of which is subject to an uncertainty of 8 per cent, owing 
to difficulties in accurately timing the arrest of the reaction in the portions 
removed for analysis. For purpose of comparison, the relative cohesions of 
the solvents calculated by two methods* are included in this table. In general 
the rate is faster in solvents of high cohesion, as with quaternary ammonium 
salt formation. This behaviour is the opposite of that observed when the 
reaction products are less polar than the reacting substances.t 


Table II. — ^Velocity Coefficients of Chlorination at 20*0°. 


Solrent. 

Cohesion. 

Acetyl 

anthr- 

anllic 

acid. 

pChlor- 

phenetole. 

p-Creayl- 

methyl 

ether. 

III 

1 

Methyl 

aoet- 

anilide. 

UalvK 

L/v. 

Hexane 

9-45 

243-2 



0 0168 



Chloroform 1 

16*5 

363-1 

0-243 

0-021 

— 

— 

— 

Tetraohlorethane ...1 

16 e 

373 '6 

2-64 

0-208 

— 

— 

— 

Kitrobenxeno 

17-2 

400-3 

i5*40 

0176 



0-242 

0-0344 

Aoetio acid 

14*7 

424-7 

0-985 

1-90 

1-940 

0-366 

4-56 


Mean values of the velocity coefficients at 30-0® (except when otherwise 
indicated), together with the critical increments, evaluated from the formula, 
A == RTj T 2 /(Ta — T^) . In are given in Table III. On the basis of a 
possible error of 2 per cent, in a velocity coefficient at one temperature or of 
4 per cent, in the ratio kjkiy A is subject to an uncertainty of 700 cals. The 
zero critical increment in hexane is noteworthy. A similar zero critical incre* 
ment was observed for the chlorination of diphenyl-ether in chloroform 
•00). It is immediately apparent from the small values of the 
critical increment observed that the discrepancies between calculated and 
observed reaction rates are very great, the former being several million times 
the latter, Chlorinations are thus anomalous reactions similar to those in 
which quaternary ammonium salts are formed. 

* Hildebrand, “ Solubility,** New York, p, 99 (1924). 

t Eiohardson and Soper, * J. Chem. Soo.,' p. 1878 (1929). Soper and Williams, loc. ciL 
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Table Ill.—Critical Increments of Chlorination. 


Solvent. 

Acetyl 

anthraniJio i 
ac'id. 1 

1 i 

^).Chlor- 

phenetole. 

p-Creayl* 

methyl 

ether. 

jj-Chlor- 

acetanilide. 

Methyl 

acetanilide. 

Hexane j 



0 

= 0-0158) 

— 

-- 

Chloroform 

6,670 

0-334) 

— 




Tetraohlorethane 

3,240 

(Jfc =- 3-06) 

1,910 

{ib==.0-33) 



6,760 

(A:-™0-0506) 

Nitrobenzene 

6,460 

7-38) 

6,940 

{kr^om) 


0.800 
= 0-355) 

Acetic acid 

10,750 1 

10,640 

4,870 

11,890 

13,360 



(ifc- 3*48) 

(iti« -= 1.740 
2,300) 

(k = 0-698) 

(ib « 9-72) 


Comparison of the changes in RTitiB and A with changes of solvent are made 
in Table IV for the chlorination of acetyl anthranUic acid and of jj-chlor- 
phenetole. Except for the value enclosed by square brackets increases in A 
are paralleled by increases in RTZnB as would be required by the presence of a 
probability factor, P, which is a strong function of temperature. 


Table IV. 


1 

Solvent. 

1 

1 

Aoetylanthranilio acid. 

jp-Chlorphenotole. 

A. 

BTInB. 

A. 

RTlaB. 

1 

Chloroform 

Tetraohlorethane 

Nitrobenzene 

Acetic acid 

[6,670] 

3,240 

5,460 

10,760 

3,780 

4,760 

6,440 

10.740 

1,910 

6,940 

10,640 

1,210 

6,930 

11,000 


In effect, on alteration of solvent, large changes may occur in the observed 
critical increment, which are attended by relatively slight changes in the 
velocity coefficient. Where larger changes*** in the velocity coefficient were 
encountered as in the case of p-cresyl methyl ether in acetic acid and in hexane 
where k changes by 100,000 times, there is still no apparent reciprocity between 
the speed and the observed critical increment, for the critical increment alters 
in the wrong direction and becomes practically zero in the solvent where the 
speed is slower, At first sight the effect of medium on the velocity and critical 
increments of different chlorinations is haphazard, but a regularity emerges 

* Measuted to avoid the artificial selection of velocity ooefEoients within a narrow range. 
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when the constants B of the Arrhenius equation are evaluated. According to 
Bradfield and Jones* the changes in the velocity coefficient of chlorination of 
phenolic ethers can be accounted for in terms of alterations in the critical 
increment, A, which is identified with the sum of the energies required for 
activation of the chlorine and phenolic other molecules. This fact may also be 
expressed by stating that the value of B is constant for the series of related 
chlorinations. Values of WTlnR calculated at 20^^, for the chlorinations carried 
out in acetic acid and in nitrobenzene are given in Table V. 


Table V. — Values for RTJnB for CUorinations. 


Holvent. i 

Acetj'l 

anthranilio 

acid. 

p-Chlor- 

phenetole. 

p-Oresyl 

methyl 

ether. 

p-Chlor* 

acetanilide. 

Methyl 

acetanilide. 

Acetic acid 

10,740 

iU(m 

U,260 

11,29U 

11,400 

7,630 

Nitrobenzene 

6,440 

5.930 


1 6,000 




This approximate constancy of the quantity RT/aB may be regarded as 
affording furtlier support for the existence of the proposed P factor in the 
reaction velocity equation in solution. If P depends on the relative polar 
nature of the reagents and products (or on the re^lative affinity of the solvent 
for these substances) then it may be anticipated that in clilorinations, in which 
the reagent and product sub:»tance8 of contrasted physical properties are 
chlorine and hydrochloric acid, the factor P will be similar for all chlorinations 
in one solvent, since chlorine and hydrochloric acid are common to all the 
rtmetions. Since the Arrhenius B is related to P and Z, the collision frequency, 
by the eouation 

RTlnB = RTkPZ + RTW/iP/dT, 

and Z is sensibly constant since the substances chlorinated are of similar 
molecular weight, constancy of RTJtiB is required. 

Replacement of acetic acid by nitrobenzene alters P and its temperature 
coefficient so that RT/«B decreases by about 4000 cals. This decrease is 
attended by a similar decrease in the observed critical increment, due according 
to the present theory to the change in the value of KPdln¥ jdT, rather than to an 
appreciable change in the actual energy required for activation. Certainly the 
»ero values obseiyed for the critical increment for p-cresyl methyl ether in 
hexane and for diphenyl ether in chloroform definitely negative the idea that 

♦ * J. Chem. 8oo.; pp. 1006, 3073 (1923). 
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the observed critical increment can always be identified with the energy 
required for activation. 

In conclusion, the authors wish to express their thanks to Dr. G. I, Davies 
for presenting the preparations of p-chlorphenetole and of p-cresyl methyl ether 
and to the Chemical Society for a grant which has defrayed the cost of the 
investigation. They also have pleasure in acknowledging the helpful interest 
of Professor J. L. Simonsen, D.Sc., F.R.S. 

Surmmry, 

(1) Major divergencies between observed reaction rates in solution and those 
calculated from the equation, k ^Ze~ are associated with reactions in 
which the polar nature of the reagents and products is sharply contrasted. 

(2) The velocity coefficients and critical increments of the chlorination of 
some phenolic ethers and anilides have been measured in a series of solvents. 
In some cases zero criti(?al increments are observed. As in quaternary 
ammonium salt formation the calculated reaction rates are anomalous. The 
alteration in the quantities A and RT/nB, on change of solvent, are closely 
related ; a fa<jt which is interpreted in support of the reaction velocity equation, 
A = P . Ze “ {vide previous paper). 

(3) For phenolic ethers and anilides in one solvent, B is found to bo approxi- 
mately constant (r/. Bradficld and Jones, loc, dL), Replacement of the solvent 
nitrobenzene, by acetic acid, raises B by approximately a constant amount. 
This constancy of B for chlorinations in a particular solvent, is discussed and 
is in agreement with the physical significance assigned to the factor P, 
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The Crystalline Strud^ure of Anthracene. A Quantitative X~Ray 

Investigation. 

By J. Monteatk Robehtson, M.A,, Ph.D. 

*(Oommunicated by Sir William Bragg, O.M., F.R.S. — Received October 17, 1932.) 

The aromatic hydrocarbons naphthalene and anthracene were among the 
first organic compounds to be invest igatcid by the X-ray method. The early 
work* on these crystals afforded evidence that the long axes of the molecules 
lay along the c direction in the crystal, but less definite indication was obtained 
regarding the lateral disposition of the molecules. An attempt was made to 
settle this point by a study of the intensities of the principal X-ray reflections 
by visual estimate, and this led to a distorted “ tetrahedral ” structure being 
advanced.! Somewhat later it was shown by Sir William Bragg that this 
structure was untenable, the discrepancies between the calculated and the 
measured values of certain reflections being too great. J In this work absolute 
measurements of intensity were obtained for the more important planes, and 
the evaluation of the atomic positions carried out by Fourier analysis. This 
led to a structure consisting of molecules with flat or slightly distorted carbon 
rings, whose planes made an angle of about 25^ with the be plane, and with the 
long axis of the molecule tilted about 6*^ away from the dm?ction of the c axis 
towards a more upright position. Almost at the same time Banerjee§ inde- 
pendently arrived at a structure, based upon the measurement of some intensi- 
ties, together with the results of optical and magnetic measurements, which 
agreed very closely with Bragg’s structure. 

At the commencement of the present work, then, it could bo taken that the 
structure of anthracene was approximately known. It was very important, 
however, to confirm these results by more accurate and more extensive 
intensity measurements, and also to attempt to work out the finer details of 
the structure. For example, it was not known if the carbon rings were quite 
flat like the graphite structure, or slightly puckered, perhaps intermediate 
between the diamond and graphite type : the evidence seemed to point to the 

* W. H. Bragg, * Proo. Phya. Soc./ vol. 34, p. 33 (1921) ; vol. 35, p. 167 (1923) ; - X-rays 
and Crystal Structure,*' p. 229 (1926) ; ‘Z. KristalJog.,’ vol. 66, p. 22 (1927) ; ‘ Nature,’ 
vol 121, p. 327 (1928). 

t J. M. Robertson, ‘ Proo. Roy. Soc.,’ A, voL 126, p. 642 (1929). 

t ‘ Nature/ vol. 126, p. 466 (1930). 

§ * Indian J, Phys./ voL 4, p. 667 (1980) ; * Nature,’ vol. 125, p. 466 (1930). 
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latter possibility. The carbon to carbon distance was not accurately known. 
The only estimate obtained was 1 *48 A., which is again intermediate between 
the diamond (1*54) and the graphite (1*42) distance. 

As the anthracene structure involves 21 parameters without considering the 
hydrogen atoms, its complete determination is a very complicated task. With 
the results already obtained it was obviously desirable to apply the Fourier 
analysis, and this method has been extensively used in the present investiga- 
tion. Briefly, the procedure has been as follows. First of all the parameters 
were determined as far as possible by trial and error, and then a preliminary 
Fourier analysis was carried out for two zones of reflections (about the b and 
c crystallographic axes). From the results of this analysis the values of the 
co-ordinates of the atoms were refined, and it was now found that a much 
better agreement was obtained between the observed and calculated values of 
the reflections. This was chiefly due to the presence of a hitherto imsuspected 
tilt in the axis of the molecule away from the oc plane. With the revised 
values of the co-ordinates it was now possible to make sure of the phase con- 
stants of some of the weaker reflections which had previously been doubtful. 
The intensity measurements were now checked and made as accurate as 
possible and a final double Fourier analysis carried out for the zones about 
the three crptallographic axes. The results of this final analysis are set out 
and discussed in this paper. 

Mmmrement of Zntensittes. 

Like most organic compounds, anthracene forms crystals which are usually 
small and friable, unsuitable for cutting or grinding into sections. The best 
method for measuring the integrated reflections from such crystals therefore 
appears to be that of completely immersing a small single crystal in the X-ray 
beam. As this method, although tested,* has not been much use.d in quantita- 
tive work, Robinson in this laboratory has conducted a parallel investigation 
into the validity of the whole method, with special reference to anthracene, 
and has also determined the absolute values of some of the anthracene reflec- 
tions, For the purposes of this paper, then, the writer has only required to 
measure the relative values of the integrated reflections from anthracene. 
These measurements were then calibrated with Robinson’s absolute values, 
using one of his measured crystals for the purpose. 

Two methods of measuring the intensities have been used, the ionization 
spectrometer and the integrating photometer devised by Robinson. The 

* Bragg, * Proc. Phys. Soc.,’ voL 33, p. 304 (1921). 
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photographic method Beenia to be the most suitable for obtaining a complete 
survey of a large number of reflections, such as those rciquired for making the 
two dimensional Fourier analyses. There is less chance of missing certain 
reflections, which may be comparatively weak, yet valuable for completing 
the detail in the analyses. But in general the more important reflections have 
been measured both by the ionization and photographic methods, and the 
following list is typical of the agreement obtained by the two methods. The 
figures give the integrated intensity in arbitrary units. 


hkl 

I loniiSAtioii H|H^etrometer. 

Hobiiifton’R i>hotomoter. 

200 

1000 

982 

201 

6rj2 

045 

202 

2^3 

25S 

001 

711 

667 

002 

192 

194 

003 

62 

59 

004 

81 

72 

W) 

32 

31 


The effect of <!Xtinction on the strong reflections is dis(5ussed by Robinson, 
but we believe that by using suJfficiently small crystals, weighing about one- 
tenth of a milligram, the effect is largely eliminat<^d. In making the relative 
measurements the smallest possible crystals were used in estimating the 
strong reflections, although slightly larg(u ones were occasionally uskhI in 
measuring the wc^aker reflections, whitdi do not appt‘ur to be affected by 
extinction. 

Most of the measurements were made with copper radiation (X — 1*54). 
With this wave-length the absorption of the beam in the crystal is quite 
considerable, but again, with very small crystals, ihi) effect is small. It did 
not seem practicable to apply a separate correction to each of the rtilative 
measurements to allow for the shape of the crystal, and the largest errors 
will probably bo due to the varying thickness of crystal presented to the beam 
at each reflection. Several crystals of different shapes were usually measured, 
with good agreement except in extreme cases. In general, crystals with a 
nearly square section perpendicular to the rotation axis were sought, those in 
the form of thin flakes being avoided. 

Table I gives the value of the structure factor for each reflection in absolute 
units, and it is compared with a value calculated from the co-ordinates found 
for the atoms (which are given on p. 93), and from an F-curve for carbon 
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Table I. — Measured and Calculated Values of the Struotuxe Factor. 


hkL 

sin $ 
CuKtt . 

F 

calc. 

F 

maaeured. 

hkl. 

sin 0 

Cu Ka . 

F 

oalo. 

F 

measured. 

200 

0 - 2 J 9 

KK )*5 

59 

200 

0-658 

+ 10*6 

8*6 

400 

0*438 

- «*6 

3 

404 

0*691 

- 6 

6 

600 

0657 

8*5 

7 

403 

0*621 

- 7 

7 

020 

0*266 

- 19*6 

24*6 

402 

0*553 

+ 6 

< 4 

040 

0-511 

- 2 

< 3 

401 

0*494 

- 0*5 

< 3 

001 

0*084 

+34 

30 

40l 

0*395 

+ 3 

< 3 

002 

0168 

20*6 

22 

40 S 

0-368 

- 4*6 

6*5 

003 

0*262 

+ 12 

14*6 

403 

0*359 

H- 4 

6 

004 

0 * 33 ft 

20 

22 

40 ^ 

0*368 

- 0*6 

< 8 

005 

0*420 

!2 

16 

405 

0-395 

- 13*5 

11*5 

00 ft 

0*604 

i- 5 

< 4 

400 

0 - 4.37 

1 6-6 

< 4 

007 

0*688 

- 1 

< 4 

400 

0*620 

+ 28*6 

22 

008 

0*672 

- 4*5 

< 4 

4 oro 

0*690 

- fIO -6 

9 

009 

0-756 

- 7 

3 

eol 

0*613 

-16 

12 





009 

0*676 

- 3 

< 4 

OU 

0 162 

- 9 

9 

003 

0*650 

+ 6 

< 4 

012 

0-209 

- 3 5 

8*6 

60l 

0*538 

- 3 6 

< 4 

013 

0-280 

-f 2 

4*6 

600 

0*538 

- 19*5 

18-5 

014 

0*358 

f 8-6 

12 5 

fl08 

0*550 

- 6*6 

6 

015 

0*435 

+ 13*6 

14 

000 

0*658 

+ 18 

16*5 

016 

0*618 

-1 0-6 

< 4 

OOTO 

0*709 

+ 17-6 

16 

017 

0*600 

- 5 

< 5 

sol 

0*735 

- 1 

< 4 

018 

0*683 

+ 9 

6 

soS 

0*720 

- 8*6 

8*6 

010 

0*767 

+ 8-5 

5*6 

800 

0*715 

- 8-6 

7 

021 

0*270 

-17 

17 

807 

0*720 

-I- 2 

< 4 

022 

0*305 

+ 5*6 

8*6 





023 

0*369 

- 0*6 

6*5 

no 

0*167 

+57 

60*6 

024 

0*421 

-13 

16*5 

210 

0*253 

+ 44*6 

48*6 

025 

0*491 

1 3 

< 4 

310 

0*352 

+ 7 

11*6 

026 

0*566 

- 2 

< 6 

410 

0*457 

+ 21 

24*5 

027 

0*640 

- 0*6 

< 5 

510 

0*663 

- 6*5 

4 6 

028 

0*719 

+ 11*5 

8 

120 

0*277 

+21 

19 

031 

0*393 

17 

19 

220 

0*336 

- 10*6 

13 

032 

0*418 

0 

< 3 

320 

0*416 

d 24 

26*6 

033 

0*458 

- 5*6 

7*5 

420 

0-506 

- 1*6 

< 3 

034 

0*609 

- 13*6 

14*6 

620 

0*004 

+ 5*6 

8 

035 

0*667 

-16 

14*6 

130 

0*397 

-20 

19*6 

036 

0*631 

- 3 

< 5 

230 

0*440 

+ 2 

< 3 

041 

0*620 

- 3 

< 4 

330 

0*604 

™ 6 

7 

042 

0*540 

+ 0*6 

< 4 

430 

0*581 

+ 2 

< 4 

043 

0*571 

- 15 

< 6 

140 

0*621 

- 1*6 

< 3 

044 

0*612 

- 0*6 

< 6 

240 

0*656 

- 2*5 

< 4 

046 

0*661 

+ 12*5 

11*5 





061 

0*646 

+ 1 

< 6 

114 

0*430 

-16 

U 

052 

0*662 

- 1*6 

< 6 

113 

0*863 

+ 6 

6 

063 

0-688 

1 9*6 

7 

112 

0*278 

0 

< 8 

054 

0*723 

+ 6*6 

< 6 

111 

0*214 

- 8*6 

9*5 





III 

0*168 

+26 

28*6 

205 

0*577 

- 8*6 

8 

112 

0*187 

- 12*6 

12 

204 

0*495 

- 23*5 

22*6 

113 

0*244 

+ 11*6 

12*6 

203 

0*418 

- 4 

4*6 

111 

0*310 

-17 

17*6 

202 

0*346 

4 

4*6 

110 

0*388 

-14 

16*6 

201 

0*278 

- 6 

6 

222 

0*427 

+ 6*6 

6 

20 l 

0*184 

+46 

43 

221 

0*876 

-13 

13 

20 ! 

0*184 

- 26*6 

27 

22 l 

0*314 

+ 6*6 

6 

20 S 

0*220 

+ 10*6 

14*6 

222 

0*314 

+ 2*6 

< 8 

20 } 

0*276 

+ 0*6 

8 

223 

0*336 

+ 1*6 

< 3 

20 S 

0*342 

- 7 

5 

22 l 

0*372 

- 21*6 

23*6 

200 

0*418 

+ 8 

5 

220 

0*427 

- 19*6 

19*5 

207 

0*488 

- 6*6 

< 4 





200 

0*676 

+ 3-5 

< 4 
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based on the measured reflections from graphite.* The value of the structure 
factor is obtained from the measured reflection by the usual formute for the 
“imperfect” crystal. 

Fourier Analysis of Experimental Residts. 

From the preceding tables it will be seen that there is a fairly good av(uage 
agreement between the measured and calculated values of F. The atomic 
/-curve derived from graphite, upon which the calculated values are based, 
cannot be expected to fit the anthracene results exactly. No allowance has 
been made for the hydrogen atoms ; and it will be seen from the following 
analysis that slightly differing curves ought to be applied to the different atoms 
in the molecule. But the agreements obtained seem to be sufficient to determine 
the phase constant of each member beyond any reasonable doubt ; that is, 
in this case, whether the sign of the structure factor is positive or negative. 
With this information it is then possible to proceed with the Fourier analysis, 
which has the great advantage of presenting the structure directly from the 
experimental measurements, only the sign of the terms being taken from the 
calculated results. 

The method of the double Fourier series was first developed by W. L. Braggf 
and the theory is described in his paper. The arrangement of the results 
adopted here is also similar to that employed by him. By this method the 
distribution of scattering matter in the unit cell as projected along any zone 
axis can be calculated. The density of scattering matter per unit area, 
p(y, z), for the projection along the a axis is 

P (y» *) = T S S F ifM) coa 271 {hyjb + hjo), 

A —00 —00 

A being the area of the piano upon which the projection is made. Corre- 
sponding formulae apply for the projections along the other zone axes, the 
coefficients in the Fourier series being the structure factors for the planes in 
the zone. For convenient reference these coefficients with their signs are 
collected below in Tables II, III and IV for the projections along the thre<> 
crystallographic axes. 

It will be seen that the values of the coefficients which terminate the series 
ate mostly fairly small compared with the initial values. In a comparatively 

• Benul, ‘ Proo. Soy. Soo.,’ A, vol. 106, p. 749 (1924) ; Lonsdale, Md.. vol. 128, p. 499 
(1B29). 

t ‘ Proo. Roy. Soo.,’ A, vol. 128, p. 637 (1929). 


O 2 



«iooi^ai5»^oaifcai— tO H-i*coi^cnC5'30c® 


84 


J. M. Eobertson 


Table II.— Values and Signs of F (OiK). 

When k is even, F (OH) = F (0^). 
When k is odd, F (OJH) == - F (OW). 


k 


0 

1 

2 

3 

4 

5 

- 3 

1 5-5 





**— 

+ 6 

4. 8 

z 

— 

— 

-16 

+ 14 

' — 

-14*5 

+ 11*5 

— 

-22 

4' 12 *5 

-16*6 

-14*5 

— 

. — 

+14-5 

+ 4*5 

- 5.5 

- 7*5 

— 

+ 7 

-22 

- 3*5 

1 8*5 

— 

— 

— 

-f30 

^ 9 

-17 

119 


— 

hl88 

— 

-24-5 

— 


— 

+30 

+ 9 

-17 

-19 

— 


-22 

+ 3*5 

1- 8*6 


— 

— 

+ 14-5 

- 4*5 

- 6*6 

+ 7-6 

— 

-7 

-22 

— 12-5 

-15*5 

+ 14*5 

— 

— 

-16 

-14 

— 

4-14*5 

f 11*6 


- 3 

- 6 
- 5-6 

4- 8 






Table III. — ^Values and Signs of F (AOl). 
h is always even. 


h 



0 

2 

4 

6 

8 

9 

- 3 









8 

— . 

- — 

— 

— 

— 

7 

— 

' — 

— 

— 

— 

6 

— 


— 

— 

— 

5 

-16 

- 8 

— 

— 

— 

4 

-22 

- 22 -6 

- 6 

— 

— 

3 

+ 14*5 

- 4*5 

- 7 

— 

— 

2 

-22 

4 ' 4*5 

— 

— 

— . 

1 

+30 

- 6 

— 

— 

— 

/ 0 

+ 188 

4 o 9 

- 3 

- 7 


I 

+30 

+43 

— 

-12 

. — 

s 

-22 

-27 

- 6*5 

— 

. — 

3 

+ 14*5 

+ 14*5 

+ 6 

— 

— 

1 

-22 

+ 3 

— 

— 

— 

s 

-16 

— 5 

- 11*5 

- 18'6 

- 8*5 

3 

— 

4 * 5 

— 

- 6 

- 7 

7 

— 


— 



s 



— 

— 


9 

- 3 

+ 8'6 

+22 

+ 15*5 

— 

10 

— 

— 

+ 9 

+ 16 

— 


I 
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Table IV. — Valuer and Signs of F (AA^>). 

When (A 4* is even, F (AAO) = F (AAO). 
When (A -f A) is odd, F (AAO) = — F (AAO). 


k 



0 

1 

2 

3 

6 






— 

_ 4.5 

4- 8 

— 

4 

- 3 

+24-6 

— 

— 

3 

— 

+11 +> 

+ 26-6 

- 7 

2 

+69 

+48-6 


— 

1 


+60-6 

+ 19 

-19*6 

h 0 ! 

+ 188 

— 

-24-5 

— 

1 i 

— 

+ 60-6 

™]9 

-19-5 

2 

+69 

-48-6 

-.13 

— 

3 

— 

+ 11-6 

-26 6 

- 7 

1 

- 3 

-24-6 

— 

— 

n 


_ 4.5 

- 8 

— 

3 

- 7 

— 

— 

— 


Table V, — Projection along the a axis. 


S(y, z) X 10 \ 


1 

0 

5 

9 

10 

9 

6 

4 

6 

9 

10 

9 

5 

0 

1 

6 

5 

6 

7 

8 

9 

7 

6 

4 

6 

7 

9 

5 

1 

3 

9 

7 

3 

4 

8 

12 

14 

12 

8 

5 

5 

6 

8 

7 

6 

8 

7 

6 

9 

18 

26 

30 

26 

19 

12 

8 

10 

12 

14 

16 

7 

8 

11 

18 

27 

33 

33 

29 

23 

16 

14 

16 

20 

23 

26 

15 

18 

24 

28 

29 

27 

22 

18 

17 

17 

21 

27 

31 

35 

36 

28 

32 

36 

35 

28 

19 

12 

10 

11 

16 

22 

27 

31 

34 

36 

31 

33 

36 

34 

26 

17 

10 

8 

9 

12 

16 

18 

22 

28 

32 

17 

19 

21 

20 

17 

12 

8 

7 

6 

6 

6 

11 

22 

35 

43 

6 

7 

11 

14 

16 

16 

14 

9 

4 

2 

4 

14 

31 

60 

63 

3 

7 

U 

22 

28 

29 

26 

18 

10 

6 

9 

10 

34 

49 

68 

9 

14 

21 

26 

36 

37 

33 

24 

19 

18 

22 

28 

34 

37 

38 

27 

27 

27 

27 

27 

26 

23 

20 

20 

26 

33 

37 

36 

20 

24 

54 

47 

36 

26 

17 

13 

10 

10 

16 

22 

29 

32 

28 

21 

15 

58 

49 

34 

21 

11 

6 

5 

6 

8 

11 

13 

16 

17 

14 

12 

88 

28 

20 

13 

7 

6 

6 

41 

6 

6 

7 

13 

20 

28 

33 




hiA ^ 








hid. 







- 01% * 



Centre of 








symmetry 
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Table VI. — Projection along the b axis. 


S(a;, 2 ) X 10-». 


2 

8 

11 

10 

3 

I 

0 

1 

0 

I 

3 

10 

11 

8 

3 

4 

9 

10 

5 

I 

3 

1 

2 

1 

3 

8 

12 

11 

6 

3 

6 

8 

6 

1 

3 

I 

3 

6 

4 

6 

10 

13 

10 

5 

3 

0 

8 

3 

I 

3 

1 

6 

8 

6 

8 

11 

13 

10 

6 

6 

6 

5 

3 

I 

I 

6 

10 

10 

8 

10 

14 

16 

12 

0 

7 

7 

6 

3 

0 

3 

9 

13 

11 

10 

16 

23 

24 

18 

12 

8 

B 

7 

4 

3 

ft 

13 

14 

12 

16 

26 

35 

33 

23 

14 

9 

9 

7 

4 

3 

7 

12 

13 

15 

26 

41 

46 

37 

23 

14 

9 

9 

6 

2 

3 

7 

11 

14 

23 

41 

66 

61 

36 

22 

14 

10 

B 

6 

3 

4 

7 

11 

19 

36 

66 

60 

48 

32 

22 

17 

12 

7 

4 

3 

4 

8 

14 

28 

49 

61 

56 

40 

31 

27 

20 

12 

6 

5 

4 

4 

9 

20 

38 

64 

66 

44 

34 

36 

82 

22 

11 

8 

7 

4 

4 

13 

27 

43 

49 

43 

34 

30 

41 

36 

20 

10 

9 

fi 

3 

7 

17 

30 

40 

38 

31 

30 

40 

46 

S3 

16 

9 

9 

6 

3 

10 

19 

28 

83 

29 

26 

32 

43 

42 

26 

12 

]] 

B 

3 

4 

10 

16 

24 

28 

26 

25 

32 

38 

30 

16 

10 

11 

fi 

3 

5 

8 

13 

24 

31 

29 

26 

27 

28 

20 

11 

30 

10 

4 

ft 

ft 

6 

16 

31 

38 

30 

21 

19 

20 

16 

10 

10 

7 

6 

7 

5 

7 

23 

43 

43 

27 

16 

17 

19 

16 

12 

8 

6 

8 

8 

ft 

12 

36 

ftO 

41 

21 

16 

24 

28 

20 

12 

6 

6 

10 

8 

7 

21 

42 

48 

32 

20 

27 

40 

36 

21 

9 

f) 

6 

10 

8 

12 

27 

42 

39 

26 

30 

48 

54 

38 

18 

7 

6 • 

9 

10 

8 

14 

27 

34 

28 

30 

60 

64 

55 

32 

16 

10 

9 

10 

9 

10 

15 

22 

23 

26 

43 

66 

67 

47 

26 

20 

16 

32 

9 

10 

11 

12 

16 

19 

32 

65 

67 

65 

35 

28 

80 

23 

12 

8 

12 

10 

8 

10 

20 

40 

66 

63 

37 

80 

39 

42 

26 

10 

8 

11 

7 

ft 

12 

24 

40 

45 

33 

24 

35 

62 

45 

21 

H 

9 

8 

4 

5 

13 

24 

32 

28 

19 

23 

45 

66 

38 

14 

6 

to 

4 

3 

7 

14 

20 

23 

18 

16 

29 

49 

48 

25 

7 

7 

9 

Z 

6 

8 

11 

16 

21 

19 

20 

32 

41 

32 

14 

6 

7 

6 

8 

6 

7 

10 

20 

30 

27 

l23j 

27 

30 

20 

10 

7 

6 

3 


— X a 14 

Centre of 
symmetry 
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Table VII, — Projection along the c axis. 


S(«, y) X 10"^^ 


6 

6 

4 

4 

5 

11 

20 

33 

44 

53 

56 

54 

47 

39 

33 

S 

6 

3 

3 

8 

16 

30 

45 

61 

72 

77 

74 

66 

53 

42 

7 

6 

4 

5 

11 

22 

35 

52 

68 

80 

86 

83 

74 

60 

46 

7 

5 

6 

6 

13 

22 

35 

48 

60 

70 

75 

73 

66 

64 

41 

6 

e 

6 

9 

12 

10 

27 

36 

43 

49 

51 

50 

45 

37 

29 

6 

6 

7 

8 

10 

13 

17 

20 

24 

26 

27 

26 

24 

21 

17 

6 

7 

7 

8 

8 

9 

10 

11 

12 

13 

12 

12 

li 

11 

10 

S 

8 

8 

7 

8 

7 

7 

7 

8 

8 

8 

8 

8 

8 

9 

8 

8 

7 

7 

7 

7 

7 

7 

8 

8 

8 

8 

8 

8 

8 

9 

8 

7 

6 

6 

6 

7 

7 

7 

7 

8 

7 

8 

7 

8 

12 

10 

8 

6 

6 

5 

5 

6 

5 

5 

6 

6 

6 

6 

5 

21 

15 

10 

7 

6 

5 

5 

5 

6 

4 

4 

5 

5 

5 

6 

28 

19 

12 

10 

9 

8 

7 

7 

6 

5 

4 

5 

6 

7 

7 

32 

23 

18 

16 

16 

16 

16 

13 

11 

8 

6 

a 

7 

7 

8 

32 

27 

27 

28 

31 

33 

31 

27 

20 

13 

8 

6 

5 

6 

7 

311 

33 

40 

47 

54 

66 

53 

44 

33 

20 

11 

6 

4 

4 

5 


I / 

X 6/2 

Centre of 
eymmetry 


soft organic compound like anthracene (melting point 217'" C.) the tem- 
perature factor is probably fairly large. This has the advantage of 
making the series fairly rapidly convergent without the necessity of applying 
an artificial temperature factor as has b<^en suggested for certain inorganic 
compounds.* 

Tables V, VI and VII (above) give the summations for the projections 
along the throe crystallographic axes, the figures corresponding to the series 

8 (y, s) = 2 S F (OW) cos 2?^ (ky/b + Izjc) 

8 (x, z) = 2 2 F (hOl) cos 2tc {hx/a + hjc) 

S (x, y) 2 2 F (AifcO) cos 27t (h^/a + kyjb). 

In the tables the figures have been divided by 10, so that the actual 
electron density per unit area is obtained from these figures by multi- 
plying by 10 and dividing by the area of the plane upon which the projection 
is made. 

The distribution of scattering matter in these projections is shown 
in figs, la to 4a. In each case the projection has been made on a plane 
perpendicular to the axis. The contour lines are drawn through points 


♦ Bragg and West, ‘ Phil. Mag.,* vd. 10» p. m (IMO). 



88 


J. M* Robertson. 


of equal density at intervals of 100 in the values of S. Alongside each 
diagram is a drawing on the same scale showing the positions of the 
atoms and how they are linked together to forni the anthracene molecules, 
figs. 16 to 46. 

The projection along the a axis, fig. 1, shows one complett^ unit 
cell and a small part of the next cell, which is added to show the 
extent of the gap between the ends of the molecules. In this projection 



Fm. 1.— Projeotion along a axia. 

the different molecules do not stjparate, because the centre one, which lies 
half a translation along the a axis in front of the others, overlaps them 
on either side. Some of the individual atoms, however, are quite clearly 
separated. 

The projection along the b axis is the most striking, in that the 
individual molecules as well as many of the atoms are clearly separated. 
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Fig. 2 shows a single molecule on a large scale, occupying one-half of the 
unit cell. Fig. 3 shows on a smaller scale the mutual relations of six 



Fro. 2.— Projection along 6 axis. The dotted oentroB at atoma D and B mark densitio* 
of 660 and 460 respectively. 

molecules. The centre ones, which are dotted, are identical with the others 
in this projection, but are actually removed half a translation along the 
b axis (perpendicular to the paper). 
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Fio. 3. — Projection along 6 axis showing mutual relation of molecules. 


In projection along the c axis, fig. 4, .the molecules, seen end on, are 
very clearly separated, but not the individual atoms. The diagram shows the 
mutual relation of five molecules, the dotteid line being the boundary of the 
unit cell. 


Crf/stal Data. 

Anthracene. Melting point 217® C. Monoclinic prismatic, a — 8*68, 
b = 6*02, c = 11*18 A. p ^ 125®. Space group ^ molecules 

of C14HJ0 per unit cell. Total nuTnl>er of electrons per unit cell ™ F{000) ==^188, 

The Structure Deduced from the Fourier Analysu, 

Several encouraging ff?atures are immediately evident from the contour 
diagrams. The carbon atoms which are suiGEicieiitly removed from their 
neighbours to separate clearly show a fairly high degree of spherical symmetry. 
Without such symmetry, of course, the analysis of organic compounds by 
atomic /-curves, which is a necessary preliminary to any Fourier analysis, 
would be very difficult. Again, in the projection along the b axis, the outlying 
atomic centres (B, D and F) are seen to lie quite accurately on a straight line, 
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and this line i» parallel to the lino joining the peaks of the unresolved centres, 
AG', CE', etc. This regularity in the molecule is most striking, and is in 
harmony with our ideas of the chemical structure. 

It will be noticed that in the projection along the b axis the outlying atoms, 
B, D and F, stand out clearly as isolated peaks, whUe in the a axis projection 
the inner atoms, A, C and E are quite clearly separated. Thus in one or other 
of the projections we get a clear picture of every atom in the molecule, with 
the exception of 6 , which is always somewhat obscured by its neighbours. 

The molecule is inclined at varying angles to all the crystallographic axes ; 
nevertheless, it is easy to apply a direct test of the form of the carbon rings. 
If these rings are regular plane hexagons, then th(^ short cross lines AG', 
CE', EC' and GA' will be parallel to and one-half as long as the long cross 
lines BF', DD' and FB' in every projection. The test is rendered a little 
difficult because of the unresolved centres, but when the most reasonable 
positions are assigned to these centres it is found to hold to quite a high degree 
of accuracy. 

It is now easy to obtain the actual orientation of the molecule in space. 
As the crystal is monocliuic it is convenient to use an axis, c', perpendicular 
to the a and b axes. The apparent angle which the long axis of the molecule 
makes with this c' (vortical) direction in the projection along the a axis is 
8 * 0 ®, and in the projection along the b axis, 30 • From these figures a simple 
calculation gives the actual angles, 5 ^, ^ and which the long axis of the mole- 
cule makes with the a, 6 and c' axes as 

X — cos ~ — 0'496 

=: 96*9° cos — 0*121 

( 1 ) 30 * cos <i> = “ 1 “ 0 • 860 

(The angle with the c crystallographic axis is 8 * 5 ^.) 

In the same way for the cross lines CE', DD', etc., the average apparent 
angle with the c' (vertical) direction measured on the a axis projection is 69*6® 
and on the b axis projection 46*9°. For the actual angles and to' with the 
a, b and 0 ' axes these figures give 

/ ^ 69*6° cos x' = + 0*349 

= 28*6^ cos ^ + 0-878 

o)' = 70*9^ cos co' = + 0*827 

The mal angle between the long axis of the molecule and the cross lines DD', 
etc., is arc cos (cos x cos / + cos (J; cos + cos o) cos <»>') and with the above 
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figurott this works out at 89*9'^. This is a very satisfactory result, because it 
shows iu a more precise way that the molecule is built from regular hexagon 
rings. 

The radius of these hexagons, which is equal to the carbon to carbon distance, 
can readily be nuiasured on the projections. In the projection along the b 
axis it is one-half of the distance between the outlying atoms BF', DD' and 
FB', This is quite accurately constant, and is equal to 0*676 A. in this pro- 
jection. Combined with the direction cosines given above, this gives a value 
of 1*41 A. for the real radius. 

In the projection along the a axis the average distance between the inner 
atoms, CE', EC', etc., is 1*324 A., which combined with the direction cosines 
again gives a value of 1-41 A. for this interatomic distance. 

The periodicity along the molecule, that is, the distance between the lines 
joining the centres AG', BF', CE', DD', etc., measured along the axis of the 
molecule, is quite reasonably constant. In the a projection it averages 1 *07 A., 
and in the b projection 1-20 A. Combined with the direction cosines these 
figures give 1 *23 and 1 *21 A. for the real periodicities. The mean value, 
1 *22 A., is equal to (1*41 X V^/^) value required by a regular hexagon 

structure. 

All the above information is, of course, contained in a statement of the 
co-ordinates of the atoms. But it has been given in the preceeding form 
because it is sometimes easier to measure the angle between certain lines in 
these diagrams than to locate the atomic centres accurately. The para- 
meters as measured directly from the diagrams are now given in Table VIII. 
The figures in bold type refer to atoms which st^parate clearly as more or less 
circular masses in one or other of the diagrams. The remaining atoms are 
too near their neighbours and appear as unresolved ovals, but the probable 


Table VIII. — Co-ordinates. Centre of Symmetry as Origin monoclinic axes. 


Atom, 
e/. fig. 2. 

T A. 

2wxla. 

yA. 

tttylb. 

From a 
projeotion 

From 6 
projeotion 

2 A. 

2iri/c 

(mean). 

A. 

0-81 

33’8 

0*19 

11*4 

4*17 

4*10 

1330 

B. 

1 06 

44-6 

094 

56-5 

8 14 

8 11 

100*5 

C. 

0*64 

22-5 

0-49 

29*5 

1*57 

loe 

50*3 

D. 

0 81 

84 1 

1*24 

74*4 

0*66 

0 67 

18 0 

E. 

0!28 

11*9 

0-78 

46*8 

-1*0 

-0 98 

-81*9 

F. 

0-56 

28 5 

1-68 

91*4 

-2*02 

-1-98 

-64*4 

0. 

002 

0'6 

106 

63*6 

-3*60 

-3-64 

-115*0 
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position of the centres can be estimated fairly well. It will be seen that only 
14 of the 21 parameters (;an be directly measured from the diagrams. The z 
(io-ordinates are estimated separately from the b and c axis projections, and 
the agreements obtained may be considered satisfactory, remembering that the 
two projections are based on different sets of experimental measurements. 

Irdermolecular DistameH. 

The distances between atoms on neighbouring molecules are in marked 
contrast to the distance of 1 -41 A. which has becui found for the; linked carbon 
atoms within the molecule. The molecule in the centre of the (001) face is 
derived from the corner molecule by a reflection in the (010) plane, or by a 
rotation about the 6 axis, and a shift of Ja, \b. Each molecule consists of two 
chains of seven carbon atoms, one chain being the inversion of the other. 
The co-ordinates of one such chain, forming an asymmetric unit, are given in 
Table VIll. The whole unit cell can be built up from these co-ordinates 
(x, y, z) in the following way : — 

X , y , r .... (1) Standard unit -^Standard 

— X , ~y , — 2 (2) Inversion of (1) J raolecule. 

4-29 4- x , 3-01 -y , 2 .... (3) Reflection of (1) 

4'29 — X , 3'0]. -f-y , — z (4) Inversion of (3) J molecule. 

It is then easy to calculate the distances between the centres of atoms in 
adjacent molecules. The distance between the standard and the reflected 
molecule varies from atom to atom owing to the inclination of the molecules, 
but the shortest distance found is about 3*77 A. Between the molecules at 
the ends of the b axis, the closest distance of approach is 3*80 A. Between 
those at the ends of the c axis the gap is somewhat greater, reaching a minimum 
of 4*06 A. Owing to the molecules being inclined at about 30'^ to the vertical 
position, the distance between the ends of a standard molecule and a reflected 
molecule one translation along the c axis is less, reaching a minimum of about 
3 '67 A, This is the closest distance of approach which has been found between 
the centres of atoms in adjacent molecules. 

Comparison with Other StructuTes, 

It is interesting to compare these distances with those determined in other 
structures involving the carbon atom. The carbon to carbon distance within 
the molecule of 1*41 A. compares with a corresponding distance of I -42 A. 
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in graphite* and hexamethylbenzene.f In the graphite structure there are 
two atoms on a vertical axis 3 ' 41 A, apart (the distance between the layers) 
and six S 3 aninetrically distributed about it at 3*70 A. The (001) spacing in 
hexamethylbenzene is 3 *70 A. For the long chain hydrocarbon 
MiUleriJ; found tlie distance of nearest approach between two centres on two 
neighbouring molecules placed end to end to be approximately 4*0 A., and for 
the same hydrocarbon th(^ distance of nearest approach between two centres 
on two adjacent molecules placed sideways to lie between 3*6 and 3*9 A. 

llie Electron D^8trib^Uion. 

The Fourier projections which have been made r<'veal some particularly 
interesting features, which are most noticeable in the projection along the b 
axis, fig. 2. On the central (‘arbon atoms, D and D', which are the meso- 
positions in anthracene, t he electron density reaches a height of 560 in the value 
of S. Those atoms are very circular and rise to modt^rately sharp pimks. 
The atoms in the ‘‘ benz- ** positions, however, arc somewhat flatter and more 
spread out, the (dectron density rising to a value of 5(K) on F, and only about 
460 on B. The height of the pc'ak is thus seen to fall away as we move farther 
out from the centre of the molecule. The same effect is noticeable for 
the unresolved centres, CE' being 700 and AG' only a little over 600 units 
at the maximum. Further, the form of the first contour line shows quite 
pronounced bulges aroimd the atoms in the end benzene rings, which are 
absent from the atoms of the central ring. 

Considerable caution, however, is necessary in accepting finer detail of this 
kind in the structure. The Fourier scries is necessarily incomplete, the 
measurements being limited by the wave-length and the experimental con- 
ditions. This limitation is very liable to introduce false detail to the picture, 
similar to dijBfraction effects in the case of an optical in8trument.§ In the 
present analysis the concluding coefficients are generally fairly small, but it is 
quite possible that if still more terms could be added they would have the effect 
of smoothing out some of the detail. 

At the same time, the fall in the peak values of the electron density as we 
pass out from the centre of the molecule, combined as it is with a slight broaden- 
ing of the structure, are rather pronounced experimental facts which it seems 

* Bernal, loc, cit, 

t Lonsdale, loc, cii. 

t Mailer, ‘ Proo. Roy. Soo.,’ A, vol. 120, p. 437 (1928). 

§ C/, Bragg and West, he, ei$. 
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somewhat difiScidt to explain in this way. Are they perliaps connected with 
the well-known chemical difference between the ** meso- and the ** bena- ” 
positions in anthracene ? In most anthracene reactions the meso-poaitions 
are first attacked, and substituents only enter the end benzene rings at a later 
stage. It would seem that these chemical facts must ultimately be explained 
by some? difference in the elt'ciron configuration. 

Again, the effect might be explained by thermal agitation if we imagine the 
molecule oscillating slightly about its centre. The more outlying atoms would 
then have the largest amplitudes, with the consequent effects of broad(‘ning 
the picture and lowering the peak values of the electron densit 3 \ In opposition 
to this view it may be considered that oscillations about any axis with such a 
high moment of inertia are improbable. It must be remembered, however, 
that the crystal molecule is far from being a free body in space. It is surrounded 
by other molecules, and in fact it appears to be somewhat more closely bound 
to its neighbours on either side than to those at either end of the c axis. Between 
the ends of the molecules, in the (001) plane, the electron density falls to very 
low values. It is only in this region that occasional snuxll patches of negative 
density occur. The (001) plane, moreover, is the cleavage plane, and by far 
the most important natural face on the crystal. Hence the bonds between the 
ends of the molecules must be very weak. Between the sides of the molecules, 
on the other hand, the (100) and the (010) planes never appear as faces on the 
crystal. The (110) face is developed, but never to anything like the extent 
of the (001) face. It may be possible, then, that the relatively looser binding 
ItKdween the ends of the molecules will permit an oscillation about their centres 
capable of explaining the observed facts. The point could perhaps be dc(uded 
by an investigation of the structure at different temperatures, especially near 
the melting point. 

The form of the scattering centres given by the Fourier analysis is con- 
veniently studied by making a relief model of the projections. When this is 
done for the projection along the b axis, the difference between the meso- and 
the benz-carbon atoms is very noticeable. On calculating the electron dis- 
tribution in the carbon atom from the measured reflections of graphite, it is 
found that the graphite carbon atom is similar to the atoms in the end rings 
of the anthraceiu? structure, but that in the anthracene middle rings the atoms 
are more sharply defined. 

It is di£B.cult to make an accurate electron count because even the centres 
which stand out moat clearly actually overlap to a considerable extent in all 
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the projectiojOB, An estimate has been made, however, of the electron dis- 
tribution along the molecule in the following way. The atoms appearing in 
the projection along the 6 axis, fig 2, were divided into groups of two by draw- 
ing parallel lines between the pairs AG', BF', CF/, DD', etc., at a constant 
distance apart, equal to the mean distance between these groups. The pro- 
cedure will be clear from fig, 5. The number of electrons in each section was 
then obtained by adding the appropriate figures in Table VI. These figures 
in Table VI can be taken as giving the mean value of S X 10”^ in small cells 
each 1/1 800th of the area of the unit cell. The actual number of electrons in 
a given area is thus obtained by adding up these figures and dividing by 180. 
Fig, 5 gives the result of this electron count. The figures in brackets are the 
number of electrons which we should expect to be associated with the centres 
from the chemical structural formula. 


Number of Electrons. 



Fro. 5. — ^Electron count in anthracene. 


It ia interesting to observe that the tertiary carbon atoms give the lowest 
count of 11*9 ; at the same time it can hardly be said that the effect of the 
hydrogen atoms is fully evident. The bulges seen on the first contour line 
at the ends of the molecule are not included in the estimation. They account 
lor a residue of about 2 electrons. 




a 
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In conclusion, I wish to thank my wife for the help received in dealing with 
the large amount of numerical work involved in this analysis. 

An investigation of this kind, which represents the X-ray method at its 
full power, is only possible after much gradual development of methods on the 
part of many people, and I am particularly indebted to Six William Bragg, 
F.R.S., not only for his continual interest in the work, but for placing at my 
disposal many of his earlier, and often unpublished, results. 

To the managers of the Royal Institution I am grateful for the facilities 
provided at the Davy Faraday Laboratory. 

Summari/. 

The anthracene structure, which was already partly known, has been 
investigated in detail The intensity measurements have been made as accurate 
and as complete as possible, and u double Fourier analysis carried out for the 
zones about the three crystallographic axes. From the results of this analysis 
the details of the structure are deduced. The carbon atoms are found to lie 
quite accurately at the corners of three regular plane hexagons, the distance 
from centre to centre being 1-41 A. This molecule is, however, inclined at 
varying angles to all the crystallographic axes. These angles have been 
determined, and the structure is (completely defined by a statement of the 
direction (cosines of the long and the cross axes of the molecule which are given 
on p. 92. The 21 paraimcters of the structure have been determined from 
the analysis and are given on p. 93. All the carbon atoms in the mole- 
cule except one are resolved as circular nutsses in one or other of the pro- 
jections. 

The closest distance* of approach between atoms in adjacent molecules is 
about 3*67 A., in marked contrast to the distance of 1*41 A. between the 
atoms within the molecule. 

The j>eak values of the electron density are highest for the carbon atoms in 
the meso-positions, and fall off a little in the end benzene rings. This effect 
is accompanied by a slight broadening of the structure, and may be connected 
with the chemical difference between the meso- and bens-position^ or with 
thermal agitation. The electron count is in good agreement with the chemical 
structure, showing a minimum value at the tertiary carbon centres. 
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The Photosynthesis of Hydrogen Chloride. 1—A New Experimental 
Method ; The Inhibiting Effect of Hydrogen Chloride. 

By MowBRAy Ritcjhie* ami Ronald G. W, Nobrish, Department of 
Chemistry, Cniversity of Cambridge. 

(Communicated by T. M. Lowry, F.R.S. — Received October 20, 1932.) 

In spite of the many valuable investigations which have been carried out in 
recent years on the photo(‘hemi<*al r«»actioii bHw(»en hydrogen and chlorine, 
no general agreement can be said to exist regarding the complete mechanism 
of the process. Examination of the various semi -empirical formulae, which 
have been propos(!d to represent the rate of reaction, shows that the relative 
importance of all the experimcmt al factors cannot ha ve t>een fully realized ; 
and while the divergence in the results of differfuit workers has frequently 
been ascribed to the effects of small amounts of oxygen or other impurities 
in the gases used, or to various chain-breaking proc(‘sses associated with the 
surfaces of the reaction vessels, yet a complete scheme has by no means been 
evolved to co-ordinate the results of all tlie exp(‘rimental invt stigations. There 
are indeed major discrepancies in the published data of different workers 
which must be satisfactorily cleared up before such an attempt is made. For 
example, there is the question as to what extent the rate of the formation 
depends on the amount of light absorbtid. Thus the reaction rate in oxygen- 
free systems has been given by Kornfeld and Mullerf as directly proportional 
to the light intensity over a sixty-fold variation, a conclusion supported also 
by MarshallJ for gas mixtures of low total pressures (less than 10 mm. Hg) 
and by Bodenstcin and Unger§ for higher pressures ; on the other hand, the 
results of Chapman and Gibbs] [ indicate that tlie reacjtion rate is proportional 
to a power of the absorbed light which is definitely less than unity, the con- 
clusion being that the limiting value of 0*5 would be reached in gas mixtures 
entirely free from oxygen. The role of hydrogen has also been the subject 
of considerable discussioin The data of Chapman and Underhill^ indicate 

♦ Senior Student, 1851 Exhibition, 
t * Z. phya. Oheni.,’ vol. 117. p. 242 (1926). 
i ‘ J. Fhys. Chem.,* vol. 29, p. 1463 (1926). 

{ ‘ Z. phya, Ohem./ B, vol. 11, p. 263 (1931). 

II ‘Nature,’ vol. 127, p. 864 (1931). 
f ‘ J. Ohem. Soc.,’ vol. 103, p. 490 (1913). 

H 2 



100 


M. Ritchie and R- G- W* Norrish* 


a slight hut distinct inhibiting effect at high hydrogen concentrations when a 
small but definite amount of oxygen was also present » Such an inhibiting 
effect was confirmed by M. C. C. Chapman,* but is in disagreement with the 
findings of Bodenstein and Dux,t the discrepancy being ascribed by ThonJ to 
the unsuspected presence of oxygen in the hydrogen used. 

A similar state of uncertainty exists about the reaction kinetics in mixtures 
containing larger percentages of oxygen, various formula? having been proposed 
from time to time by different workers. In addition no scheme of reaction 
which dot?s not admit of the (calculation of the absolute quantum efficiencies 
under all conditions (>an be said to be complete. The difficulties attendant 
on previous methods of investigation have'., however, prevented any fruitful 
attempt being made in this direction. 

The experimental method of attack on the problem is limited by the fact 
that no permanent pressure change accompanies the reaction between hydrogen 
and chlorine in a reaction vessel of constant volume, and while a small decrease 
in pressure is to be observed in those mixtures which contain oxygen, owing to 
the formation of water, yet the change is so small that for all practical purposes 
the concentration of oxygon can be regarded as constant. Chapman and 
his associates have largely made use of the water-actinometcr, a method 
of investigation first employed by Bunsen and Roscoe, in which the addition 
of a sufficient quantity of liquid water to the reaction system removes the 
hydrogen chloride as it is formed, the coas<jquent diminution in volume serving 
as a means of recording the rate of reaction. The method is of advantage 
only when the effect of hydrogen chloride itself on the rate of redaction can be 
neglected, and suffers fn)m the disadvantages consequent on the addition of 
water to the reacting system ; for example, the greater possibility of intro- 
duction of inhibiting impurities, the possible action of illuminated chlorine 
on water-vapour itself, and the practical complications involved by the satura- 
tion of the water by the chlorine. On the other hand, the method of experiment 
developed by Bodenstein and Dux (Joe. dt,), which necessitates the freezing 
out of chlorine and hydrogen chloride, is open to the objection that at high 
pressures complete freezing out is not attained with certainty in the presence 
of an inert gas, while the original concentrations of the reactants may not be 
effectively regained before the experiment is resumed, owing to difficulties of 
mixing and slowness of diffusion. 

♦ ‘ J. Chem. Soc.,’ voi. 123, p. 3002 (1023). 

t ‘ Z, phys. Chom./ voL 86, p, 207 (1013). 

X * Fortsohr. Chem. Phys.,* vol, 18, p. 11 (1926). 
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It is obvious that agreement cannot be expected between the results obtained 
by the two methods, if the hydrogen chloride produced has any effect on the 
rate of reaction ; and though Bodenstein and Dux (loc. dt.) state that the rate 
of reaction is independent of the hydrogen chloride concentration, yet the 
results of our own experiments show definitely that thoir conclusion cannot 
be supported, and that hydrogen chlorkh* does markedly retard the rate of 
reaction. Such au effect was first recognized from observations on the Draper 
effect^ following on stulden illumination of the reaction mixture, the Draper 
effect having been previously recognized as being intimately connected with 
the reaction velocity.f 

In the light of this knowledge, the whole question of the rate of photo- 
chemical reaction between hydrogen and chlorine, both in oxygen-free 
and oxygen-containing raixtur(?s, has been systematically re-(ixamined by a 
method free from the objections previously netted, and which indeed involved 
no addition to, nor disturbance of, thi^ reaction system. It consisted in 
determining the extent of reaction at any one time from the relative amount 
of light of a given wave-length whieli was transmitted by the residual chlorine. 
The wave-length suitable depended on the corresponding absorption coefficient, 
considered in conjunction with the range of chloriiu* pressure it was desired 
to investigate in any particular reaction vessel. Th<* graphic relationship 
between chlorine pressure and where ly represents transmitted light 

when the chlorine pressure is zero and I that transmitted by chlorine at any 
other pressure, is represented by a straight line passing through the origin. 
This graph was accordingly constructed from measurements with known 
chlorine pressures, and siibsecjucntly employed to d(!termine the pressure of 
chlorine at any time during the course of tlu^ photoch(;mical reaertion. lii the 
experiments here to bo descrilHHl, the wave-length (ihosen for this purpose 
was 366 With the tliermopile-galvanometf^r system employed, con- 
centrations of chlorine in the range of 0 to KW mm. (for a given reaction vessel) 
were determined with an error of experiment normally not greater than 
0*5 mm. 

The experimental procedure falls into two divisions. When the reaction 
itself was carried out by light of wave-length 366 fx [x, for a suitably slow reaction 
the chlorine concentration was continuously determined throughout the period 
of illumination, and the rate of reaction then calculated from the slope of tlie 

* Ritchie and Norrish, * Nature,’ vol. 129, p. 243 (1932). 

t O/, Bevan, ‘ Phil. Trans.,’ A, vol. 202, p. 71 (1903) ; Ichikawa, ‘ Z. phys, Chom.,’ B, 
vol. 10, p. 299 (1931). 
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resultant curve showing the relationship l)etwceii pressure of chlorine and 
time of illumination. Tins method of procedure will be subsequently referred 
to as the “ graphical nu'thod/’ On the other hand, when the reaction velocity 
was too high, or the intensity was too low to permit of accurate measure- 
ment in this way, or when the reaction itself was carried out with light of wave- 
length other than 365 (jtfji, the (concentration of chlorincc after a given exposure 
was det<!rmined by 365 fifx light as before, an excess of oxygen being added to 
render the mixture insensitive. Calculation was then performed on the 
assumption that the changes in concentration of the reactants and in the 
intensity of absorbed ligiit were linear over the range. This procedure*, will 
be subsequently referred to as the ‘‘ method of averaging. ’ Where the total 
change was not large, the error so introduced was negligible ; comparative 
testa on similar reaction mixtures showed that for th(i range of pressures of 
chlorine involved in the experiments, practically identical results were afforded 
by the two methods. 

The general rtisults obtained in these ways, when the inhibitory effect of 
the hydrogen cldoride is taken into account, are (completely self-consistent for 
all gas mixtures with and without oxygen, and it is possible to obtain expres- 
sionfl which accurat(*ly reproduce the variation in quantum yield between 
limits as extreme as 10^ and 10, obtainable experimentally by suitable varia- 
tions of the reactants. In the present paper, the new technique and preliminary 
results are described ; in t he succeeding parts, accounts will be gmm of various 
aspects of the rca(‘.tion. 


Experimental. 

ApparaVus, 

The apijaratus is shown diagrammatically in fig. 1, and was similar to that 
used by Griffiths and Norrish.* Th<^ quartz reaction vessel V, cylindrical in 
shape, with plane-end faces, was of 25*4 c.c. volume, the internal surface 
being approximately 43 sq. cm. Connection was made to the main apparatus 
by the ground joint J. The light beam from the quartz mercury vapour 
lamp, run at 160 volts and 4*0 amps, from a constant 220- volt battery s 3 rBtem, 
was rendered parallel by a system of lenses and circular stops, and passed first 
through a 2*5 cm. layer of aqueous 6 per cent, copper sulphate solution F, 
and then through the appropriate wave-length filters before entering the 


♦ ‘ Proc. Roy, Soo,.’ A, vol. 130, p. 691 (1931). 
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reaction vessel. The diameter of the beam was such that more than three- 
quarters of the total voltime of the reaction vessel was illuminated. A quartz 
lens focuSsed accurately the emerging beam on the circular area comprising 
the elements of the Moll thennopile II, the system having been calibrated by 
means of a standard N.P.L. lamp. This focussing, as well as the general 
position of the light beam, was examined before and after every experiment. 
The thermopile itself was enclosed in a wooden box to screen it from external 
radiation. The Bourdon gauge, connected by capillary tubing to the reaction 
vessel, was normally used as a null instrument only, to introduce and measure 
the pressure of the reactant gases, though it was calibrated and used as a direct 


Hj O2 HCl .CLg 
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reading instrument when small amounts of oxygen (< 3 mm.) were involved. 
The pressure of air in the outer jacket of the gauge was controlled by the 
two-way tap P, communicating with the filter pump or with the atmosphere 
(through guard-tubes of calcium chloride and phosphorus pentoxide), so that, 
except for very low pressures, the pressure inside the reaction vessel was 
obtained by means of the mercury manometer read in conjunction with the 
standard manometer Mg. The tap K, between gauge and vessel, was closed 
before the beginning of actual illumination in an experiment, the effective 
volume of the system being then that of the reaction vessel alone. The reaction 
vessel and gauge were shielded where necessary from external light. The 
system was evacuated through liquid air traps (not shown in the diagram) 
by means of a “ Hyvac oil pump. 

The temperatiure of gauge and vessel was regulated to 25 ±0*02® C. by 
pumping water from an electrically controlled thermostat to a cistern with a 
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constant level device ; from this the water flowed back to the thermostat in 
two streams, one through the outer jacket of the gauge, and the other through 
the tank which served as a bath for the reaction vessel. 

The tap gr(?ase used throughout was Shell Apiezon Grease L, which is com- 
posed entirely of hydro(*arbons of high boiling point. Very slight absorption 
of chlorine and hydrogen chloride took place normally when the pressure of 
either gas was high, and the grease stiffened after some time, hut no abnormali- 
ties in reaction velocity could ever be ascribed to its use. No induction 
periods were ever observed, with the exception of the first one or two 
experiments aft/er freshly cleaning the reaction vessel. 

Colour Monochromatic light was obtained by the following com- 

binations of filters 

(1) 4:3fi ; a 3 cm. layer of 1 per cent, cuprammonium sulphate, 

combined with 0*5 cm. layer of 4 per cent, aqueous quinine hydro 
chloride .solution and a 3 cm. layer of (> per cent, aqueous copper 
sulphate solution. 

(2) 406 [jLfi : a 3 cm. layer of 0*02 N iodine in carbon tetrachloride solution, 
combined with 0*5 cm. layer of 0*1 per cent, aqueous quinine hydro- 
chloride solution and a 3 cm. layer of 6 per cent, aqueous copper sulphate 
solution. 

(3) 365 : Wratten filter No. 18a, in addition to a 3 cm. layer of 6 per 

cent, acjueouB copper sulphate solution. 

Preparation of Reactants. 

CMorim was generally prepared from pure hydrochloric acid, by the action on 
potassium permanganate, or occasionally obtained from a commercial cylinder 
of liquid chlorine. In cither cose, the gas was ptirifted by washing with aqueous 
permanganate solution and then with water (in darkened vessels), passed 
slowly over phosphorus pentoxide, and collected by means of liquid air. This 
crude '' chlorine was then subjected to repeated fractional distillation 
following a long boiling-off ’’ under filter-pump suction. The number of 
distillations given was four or five, initial and final fractions being rejected. 
In each distillation, the receiving bulb was cooled in liquid air, and the dis- 
tilling bulb surrounded by an empty vacuum vessel or by one containing solid 
carbon dioxide and ether mixture. When not in use, the final product was 
kept in the solid state by means of liquid air. 

No difference could be recognized in the experimental results for the various 
samples of chlorine obtained and purified as above. 
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Hydrogen was prepan^d by electrolysis of potassium hydroxide solution 
containing a little baryta, it was passed over finely divided active copper lieati^fl 
electrically to 300® C. and then collected temporarily over air-free water. 
Immediately after preparation, it was passed very slowly over heated copper 
again, then over phosphorus pentoxide, and finally collected in glass bulbs 
of 2 to 3 litres’ volume) attached to the main apparatus. 

Oxygen was obtained by the catalytic action of manganese dioxide on hydro- 
gen peroxide in presence of dilute sulphuric acid and passed through gas 
wash-bottles containing copper sulphate solution and over phosphorus pent- 
oxide before being liquefied by means of liquid nitrogen. Two distillations 
were performed with rejection of initial and final fractions, and the product 
stored in glass reservoirs as before, the pressure being indicated by a mercury 
manometer. Further samples were later prepared by similar fractionation of 
oxygen obtained originally by electrolysis as well as from a commercial 
cylinder. 

Hydrogen chloride was obtained by adding pure concentrated hydrochloric 
acid to concimtrated sulphuric acid. After drying purification was carried 
out as before by fractional distillation, four or five distillations being carried 
through. A mercury manometer indicated the pressure in the glass reservoirs. 

ExperifmrUal Procedure. 

The apparatus was first completely evacuated by the Hyvac oil-pump for 
some considerable time, during which the focussing and general position of 
the light beam were v(*rifipd. The intensity was then measured (for 
X =: 366 pp) by alternately raising and lowering the shutter S, repeated 
observations being made. “ Washing out ” of connecting tubes and reaction 
vessel with pure chlorine followed. After complete re-evacuation (by oil 
pump and liquid air trap), chlorine was introduced to the required pressure, 
followed by oxygen and hydrogen chloride if desired, and the transmitted light 
again measured and compared with that given by calculation from the cali- 
brating graph of log IJl against chlorine pressure for the particular pressure 
involved. The system was further illuminated for several minutes before the 
introduction of hydrogen in order to destroy any inhibiting impurities intro- 
duced with the gases, although this precaution appeared unnecessary, since 
no difference in rate of reaction was observed when such pre-illumination was 
omitted. Hydrogen was then introduced to the required pressure, the tap R 
connecting the gauge and the reaction vessel being finally closed before the 
actual illumination was begim. 
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Graphical Method. 

If the wave-lrngth of the light used for the experiment was 365 fi,[x and the 
reaction a suitably slow onc^ readings of the transmitted light were taken every 
2 or 3 minutes by lowering and raising the shutter S, the time of non-illumxnation 
being noted. Tliis period of non-illumination represents the time taken for 
the galvanometer light spot to come to rest, and was usually about 30 seconds. 



since an exposure of a given initial mixture for a given length of time under 
conditions of constant incident-intensity resulted in the same final concen- 
tration of chlorine being obtained whether the period of illumination was 
interrupted or not. When the “ run ” liad proceeded for a suitable length of 
time, the vessel was evacuated and the intensity value again measured. 
Pig. 2 shows the results obtained in a typical experiment. Curve I represents 



TIMS OF ILLUMINATION (SECS) 

Fig. 2. 

galvanometer deflection plotted against total time of illumination, and curve 
II concentration of chlorine plotted against time ; the concentration of 
chlorine being (jalcxdated from various points on curve I by means of the 
calibration griiph of pressure of chlorine against loglo/I. The tangent at 
any point in curve II gives the rate of decrease of concentration of chlorine 
(equal to one-half the rate of hydrogen chloride formation), the corresponding 
value for the amount of light then absorbed by the chlorine being easily calcu- 
lated from the corresponding point on curve 1. 

Method of Averaging. 

If, on the other hand, the reaction was carried out with a wave-length other 
than 366 (xp, or the conditions with light of X = 365 pp were such as to render 
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observationis taken in the above way inaccurate {e.g.^ by reason of the speed of 
the reaction), illumination was continued without interruption for a suitable 
noted length of time. At the end of tliis period, the mixture was rendered 
insensitive by the addition of excess oxygen, the 365 |XfjL filter was replaced if 
necessat)’', and repeated observations of the transmitted light recorded. Ke- 
evacuation of the system, followed by the redetermination of Iq, both for 
X - 365 fXfJL and for the wavelength used in the illuniination, completed the 
experiment. In this way the initial and final concentrations of chlorine were 
determined for an illununation period of known duration under constant 
conditions of incident lightdntensity. As indicated earlier, little error is 
introduced in the calculation of the rate and quantum efficiency of hydrogen 
chloride formation if the total cliange in concentration is not large. 


Cal/^tdalion of QmirUum Effwkmg, 

Both the methods above described (the graphical method and the method 
of averaging) give values of the rate of formation of hydrogen chloride for 
known concentrations of reactants and under known conditions of incident 
intensity. The value of the amount of absorb(*d light under these conditions 
must be known before the corresponding quantum efficiency can be calculated. 

The galvanometer deflection gives at once, from previous calibration, the 
number of light quanta falling per second on the elements of the thermopile. 
Owing to the character of the optical system by whi(}h tlie light was traiismitted 
after leaving the reaction vessel, the number of quanta absorbed by the chlorine 
cannot be taken simply as the difference of the galvanometer readings when the 
reaction vessel is empty and when it contains chlorine at the required pressure. 
The necessary correction comes into two sections : — 

(1) The light leaving the reaction mixture passed in turn through the fused 
quartz of the reaction vessel the thermostating water, the quartz window 
of the thermostat and a layer of air before being focussed by the quartz lens 
on the circle of the thermopile elements. The transmission losses of this 
optical system were determined directly for the wave-lengths considered, and 
found to agree well with the values calculated in the ordinary way on the 
assumption of no absorption by the materials of the system. The light which 
is reflected back by the various surfaces of the optical system between the 
reaction vessel and the thermopile was partly reabsorbed, and must be allowed 
for. This correction is dependent on the ratio I/Iq and vanishes when the 
absorption of light by the chlorine is complete. The factors for transmission 
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and back reflection were combined and calculated* by the expreBsion 


CJ - 


abedef 


1{(I ~(1) f«W(l ~d) 

4 - (]-<') + a®6Wc® (1 - /)} I , 


where ofe, etc., represeiil the transmiBsion coefficients for the various surfaces 
depicted in fig. ‘1 Thoie were each <alculated in the usual way as equal to 



Wj and Ha being the refra<’tive indices for the particular wave-length in question 
of the materials on each side of the surface, The surfaces a, dy e and/ only 
were regarded as contributing to the back reflection ; the factor 2/3 was due 
to the convexity of the quartz lens and was only roughly estimated. 



Fig. 3. 


(2) Correction was also necessary (Griffiths and Norrish, loc. cU.) for the 
imperfect reflection of light by the metallic surface of the thermopile funnel 
in which a small amount of stray light unavoidably fell. This factor was 
never greater than I'lO and remained very constant for any given set up 
and was frequently redetermined. 

When an experiment was carried out by the graphical method for X — 366 pp 
the absolute amount of absorlied light was given by 

Ir^H. (lo I) C, 

where C is the combined correction factor and is in galvanometer scale- 
division units. Where the method of averaging was employed, the average 
value of (Iq — I) was calculated from calibration graphs of log I<>/I against 
pressure of chlorine, for the particular wave-length in question, 

* Of. Allmand and SpinkH, * J, Chem. Soc./ p, 1668 (1831), 
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A delBection of 1 cm. of the light spot of thc^ thermopile-galvanometer system 
was equivalent to a light intensity of 170 ergs, per second falling on the area of 
the elements of the thermopile. 

The quantum efficiency of hydrogen chloride formation was then found by 
meaxis of the formula 

0*377 X 10« ^ , | HC1] 

Yim ^ . 

f 

where 

V volume of reaction vessel in cubic centimetres ; 

[HCl] rate of formation of hydrogen chloride in millimetres Hg per 
^ second of illumination ; 

X = wave-length of light employed in [xfx ; and 
labR. ™ total light absorbed in galvanometer scale divisions (centi- 
metres), corrected as described. 

It is obvious that in the above ways a systematic study can be made of the 
variation in quantum efficiency with change of concentration of any one con- 
stituent of the reaction mixture. In addition, for experiments of the type 
illustrated in fig. 2, the concentrations of all rea(5tant8 and the amount of 
light absorbed vary to an extent sufficient to test thorouglily any empirical 
formula thus determined. 

Experimental Results— Variation of Quantum Efficiency until Pressure of 

Hydrogen Chloride. 

As an example of the working of the above methods of experimentation 
there are presented below the results which first established the inliibiting 
action of hydrogen chloride. In fig. 4, values of the quantum efficiency (yhci) 



Fio. A 


o 
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are plott ed againsl pressure of hydrogen chloride where the pressure of oxygen 
was 50-0 ram. and those of (jhlorine and hydrogen were each equal to 43-0 nun. 
The wave-length of light employed was 365 fjtp. Where the concentration of 
hydrogen chloride is given as 16*0 mm., the initial mixture contained 51 mm. 
of chlorine, 51 mra. of hydrogen, but no hydrogen chloride, and the reaction 
was allowed to continue until the concentration of hydrogen chloride reached 
roughly 30 mm., the quantum efficiency being measured in the graphical 
manner at [HCl] =:= 16*0 mm. In the same way, when [HCl] is given as 
equal to, say, 66 mm., 50 mm. HCl were originally present in the reaction 
mixture, illumination being then begun and the quantum efficiency measured 
at the total concentration of [HCl] 66 mm., e.c., when 16 mm. HCl had been 
produc(»d by the illumination. 

The hydrogen chloride used in the above experiments was prepared externally 
by the methods already described. It was therefore of the greatest importance 
to ascertain whether the same retarding effect was to be recognized with 
hydrogen chloride forming in diu as the result of illumination. Table I 
gives the quantum efficiencies recorded when the initial mixture contained 
60*2 mm. oxygen, 74-7 ram. Clg and 74*6 ram. Hg, the course of the reaction 
being followed throughout by the graphical method as before. The values of 
I, the transmitted light, recorded in the second column of Tabic I, were obtained 
from the smoothed experimental curve of t against I {cf. fig. 2) ; the corre- 
sponding chlorine concentration was then calculated from the relationship 
loglo/I — p . 0*006(K), when p is the pressure of chlorine in millimetres, this 
expression having been experimentally determined for the reaction vessel in 
question. The fifth column of Table I gives the slope of the curve, where 


Table I. 
16*9 cm. 


t 

B0C. 

I 

cm. 

[Cl,] 

mm. 

lo-I 

cm. 

HCl 

mm./lOO MO. 

Qou^un. 
effioionoy y 

200 

716 

642 

»-76 

7 37 

136 

400 

7 81 

581 

9*1 

6-86 

108 

600 

8-31 

53-5 

8*0 

4*10 

S7-5 

1000 

913 

40'7 

7*8 

2*92 

69 

1200 

9-47 

440 

7*4 

2-57 

63*5 

1400 

9-81 

41 6 

71 

2*37 

61 

1800 

10*45 

37*4 

0*6 

1*76 

49*5 

2000 

100 

85'8 

6*3 

1*60 

46*5 

2200 

10*8 

34 2 

6*1 

1*45 

43*5 

t 
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[Cl J is plotted against time of illumination, and is expressed as millimetres 
of HCl produced per 100 seconds illumination. The quantum efficiency of 
HCl formation then follows from the expression 

0*377 X 10« X V [HCll 

XC(Io--I) ■ t ' 

where V =- 25*4, X 365, and C = 1 *43. 

These results can be tabulated to show the dependence of the quantum 
efficiency on the corioeut rat ions of the various reactants throughout the 
reaction as shown in Table 11. 


Table 11. 

[Oj] — 50*2 mm. 
Initial [CIJ ==^74*7 mm. 


,, [HJ 74*6 mm. 


[Cl,] 

64-2 

fiS-l 

i 535 

i 46*7 

44*0 

41*6 

37*4 

35-8 

34*2 

Hi 

64*1 

58-0 

63*4 

46 6 

43*9 

4] *5 

37-3 

35*7 

34* 1 

fHCl] 

21*0 

33*2 

42'4 

660 

61*4 

66-2 

74-6 

77*8 

81*0 

r 

138 

108 

87*5 

69 

63-6 

61 

49*6 

46*5 

43*5 




From Table II, the quantum efficiency for Clg - 43*0 mm. Hj = 43*0 mm. 
and HCl 63 mm. is approximately 63 mols. per quantum ; from fig. 4, the 
value for the same condition is 67 • 5. There is thus no doubt that the inhibiting 
action of hydrogen chloride, as exemplified by fig. 4, is one which is not owing 
to any unknown inhibitors introduced with the hydrogen chloride, but is a 
process which must be included in any scheme of reaction mechanism. The 
discussion of the bearing of these facts on the whole problem of the hydrogen- 
chlorine reaction is reserved for later papers in this series, in which the whole 
question of the kinetics of the reaction will be reinvestigated by the new 
technique. 


The authors are indebted to the Government Grant Committee of the 
Royal Society for a research grant which has been applied in part to the 
prosecution of this work, and to the Commissioners of the Exhibition of 1851 
for a senior award to one of them (M.'R.) 


/Summary. 

A desoription is given of a method of measurement of rates of reaction 
and quantum efficiencies of hydrogen chloride formation which depends 
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on measurement of light absorption by the chlorine of the reaction 
mixtures. The method has proved itself reliable and capable of yieldiizig 
consistent results. In particular, results are given establishing a marked 
inhibiting efiEect of hydrogen chloride in hydrogen-chlorine mixtures 
containing oxygen. 


The Photosynthesis of Hydrogen Chloride. II . — Oxygen Free 

Mixtures. 

By Mowbray Ritchie"* and Ronald G. W. Nobrish, Department of 
Chemistry, University of Cambridge. 

(Communicated by T. M. Lowry, F.R.8, — Received October 20, 1932.) 

The complete study of the photochemical hydrogen-chlorine reaction frils 
into four sections consequent upon the fact that the presence of oxygen in 
large or small quantity very materially alters the kinetics of the process. 
These may be classified as follows : — 

(1) The kinetics of pure hydrogen-chlorine mixtures. 

(2) The kinetics of oxygen-rich mixtures. 

(3) The transition region between (I) and (2). 

(4) The photosensitized formation of water associated with (2) and (3). 

A mechanism proposed for any one of the above processes must be consistent 
with the other three, and a full and comparative study of all four should lead 
to a self-consistent mechanism by which all the above aspects of the problem 
can be unified in one explanation. 

In the prejient paper we have applied the new method of experimentation 
described in Parti (p. 99) to the first of the above aspects — ^the reaction in the 
absence of oxygen. It is here that the reliable data are moat scarce^ undoubtedly 
owing chiefly to the difficulty of obtaining mixtures £cee£rom oxygen, but also 
partly to the intriguing interest of the other aspects of the problem. Boden- 
stein and Ungerf state that the reaction is uninhibited by either hydrogen or 
chlorine, and that its rate is proportional to the first power of the intensity 
of the absorbed light, and to the pressure of hydrogen, while it is independent 

♦ Senior Student, 1851 Exhibition, 
t ‘ Z. phys. Ghem.,’ B, voL H, p. 253 (1930). 
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of the presstire of chlorine. Clmpman and Gibbs, on the other hand,* report 
that the rate of reaction is proportional to the square root of the intensity of 
absorbed light, though they give no further details of the kinetics of the reaction. 

We have here a discrepancy of the gravest importance to the und(^r- 
standing of the mechanism of reaction. To account for their result Bodenstein 
and Unger were led to postulate the existence of a product derived from the 
silica of the reaction vessel under the influence of the illuminated chlorine 
which terminated the reaction chains, and was thus responsible for the 
dependence of the rate on the first x><>wer of the light intensity ; Chapman 
and Gibbs, on the other hand, claimed that the mechanism of reaction is 
approximating to that of the analogoas hydrogen-bromine combination, where 
reaction chains end by atomic recombination. 

There is thus a clear cut issu(‘ to be decided. In addition, it is important to 
find if the inhibiting effect of hydrogen chloride (Part I, ho. cit.) extends to 
these oxygen-free mixtures and what bearing the other reactants have on the 
kinetics of the process. 

It may be stated at oikjc that th(^ results of the present work make possible 
a definite choice between the several diff(‘rcnt possibilities and lead to 

a formula for the quantum efficiency which is consistent over a wide range. 
The expectation of Chapman and Gibbs has been found to be confirmed, in 
that the form of the kinetics approaches in a n^markably close manner that of 
the hydrogen-bromine reaction ; tlu^ velocity is n(»arly proi)ortional to the 
square root of the intensity of absorbed light, w hile the reaction is inhibited both 
by chlorine and by hydrogen chloride. 

Experimental. 

The results were obtained by th(^ “ method of averaging (Part I, Zoc. cil.) 
involving the evaluation of the absorbed light from a knowledge of tlie average 
pressure of chlorine and its extinction coefficient. In no exj)eriment was the total 
pressure of chlorine allowed to change by more than 30 per cent, during a run, 
while the total production of hydrogen chloride was kept constant at m. 25 mm. 
The ‘‘graphical method*' (Part- I, loc. dt.) of plotting the course of reaction 
from point to point was found to be unsuitable in the present experiments in 
view of the high reaction velocities attained in tlu* absence of oxygen. For the 
same reason violet light of wave-length 406 fjL(x was used instead of ultra-violet 
light at 365 (xg., which is much more strongly absorbed by the (dilorine. The 

* ‘ Nature,* vol. 127, p. 684 (1031). 
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final concentration of chlorine wan as before determined by means of its 
absorption of “ 365 light/' after the introduction of sufficient oxygen to render 
the mixture insensitive. Full details of the apparatus, the method of pro- 
cedures mid the preparation and purification of the reactant gases will be given 
in Part III. 


Results. 

(a) Rdation beiween QuarUum Efficutru'^y (y) and Liyht Absorbed (Iab8.)*~The 
intensity of the incident light was varied by means of blue glass plates placed 
in the path of the lieam. Results are given in Tabh' I. The amount of light 
absorbed is given in galvanometer scale divisions (centimetres). 


Table I. 


X — 400 (X(JL. [Hg] — 44*0 mm. |HClj ~ 12*5 mm. 


icbj 

mm. 

Incident 
intensity lo 
cm. 

latiH 

from Ip 
cm. 

1 y<‘xpt. 



fi8 0 

3*80 

0-75 

J060() 

9.500 

9200 

ft7 0 

11-95 

2-30 

6700 

9350 

10160 

44-0 

6-15 

0-80 

8770 

8020 

7840 

43-7 

13-45 

l‘V5 

7090 

8860 

9380 

43 0 

0-20 

0-70 

9210 

8380 

8200 

44 0 1 

8*53 

Ml 

7690 

7870 

8100 

44-2 

13 0 

1 

1-71 

1 

1 6830 

1 

1 8470 

8932 


It is obvious that the same concentrations of chlorine, hydrogen and 
hydrogen chloride do not give the same quantum efficiencies unless labs, is 
constant also ; if, however, the rate of liydrogen chloride formation were 


proportional to the first power of I^b*., y ( — 

\ 



would be inde- 


pendent of lab... Tlie numbei-8 of the last two columns of the table show that 
for given concentrations of reactants the experimental results are in better 
agreement with the equation y (lab.,)” * = const, rather than with the equation 
Y (lab..)** * “ const. It follows that the rate of formation of hydrogen chloride 
is given by the expression 


dtHClJ 

dt 


A(W)“* 


in agreement with the result of Chapman and Gibbs {he. oil.). 
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(6) Belalion between Q^mnttim Efficiency (y) a)id Pressure of Chlorine [CIJ. — 
In Table II, yoxpt represents the experimental quantum efficiencies obtained 
(or the conditions of chk)Tine concentration and absorbed light as given in th<* 
first and third columns respectively. The values of y.-ai*. were obtained by 
calculation from tlic formula 

1-23 X lOMt'UJ 

(22-0 f lOUDW)"'^' 


Tal>l(> II. 


A ™ 4(>() apt.. IH 2 I “ 41 min. jH(3J ~ 12-5 mm. 


K'.ljl 

mm. 

Jiicidcui 





intonsitv lo 
vm. 

from Iq 
cm. 

Vr-xpl. 

y.al... 

ycuir. 

12 0 

12 .>0 

0-40 

.59<K) 

’>930 

I'OO 

23 0 

12(K) 

0-84 

0780 

0740 

i*w 

44 0 



8770 

8900 

l-O:. 

44-2 

13 0 

r 71 

0830 

0020 

o-o; 

«7 0 

11*95 

2 30 

0700 

0040 

0-99 

es-o 

3*80 

0 75 

100<X> 

104IH> 

0*98 

yo*3 

5*85 

1*47 

1 

8900 

HMH) 

0*90 


The ratios of the final (^oIumn show that the experimental results are well 
n^produced by a formula of the above kind and reveal the result of Bodenstein 
and Unger (velocity independent of piMisaun^ of chlorine, loc. eit,) as a limiting 
case, tnie only for large excess of chlorine. 

( 0 ) Bdation between Quantum Effieiency and Pressure of Hydrogen [HJ. — 
Table III gives the relevant data. The values of ycfti, are derived from the 
expression 

^ 2-8.10‘MH2][Cy 
Calc. (22-0 ftCl»J)(Ua.r ' 


Tables III. 


X — - 4(M) [jLtA. [Clj] = 44 mm. [HCl] — - 12-5 mm. 


IU.1 ^ 

mm. 

Incident 

intensity 

cm. 

' 

luU. calculated 
from To 

1 cm. 

yftxpt. 

3^4!ah*, 

yptilcdYtixpi. 

44 

615 

1 

! 0*800 

8770 

8960 

1*02 

92*4 

1 5*48 

i 0*716 

18900 

19600 

1*03 

168 

5 02 

' 0*643 

37500 

moo 

! 1*00 

217 

4*90 

0*637 

46600 

48500 

1*04 

203 

604 

0*785 

56600 

60000 

1*08 
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which is obtained directly from that used in section (6), on the assumption 
that the quantum offitMcncy varies in a linear manner with the pressure of 
hydrogen. The agreement between the experimental and calculated values 
of Y shows that tins is so, and that there is no inhibiting effect to be ascribed 
to the hydrogen when oxygen is absent from the system. 

(d) Relation between Quantum Efficiency ami the Premire of Hydrogen Chloride 
[HCl], — In all the above experiments tlie averag(^ concentration of hydrogen 
chloride has been k(‘pt (constant. When the effect of varying the latter was 
examiiK^d, an inhibiting I'ffect similar to that already observed by us in 
mixtures containing oxygen was found to exist. This may be taken into account 
by suitably modifying the abov(; formula, and under the heading of ycaic, 
Table IV are given the results calculated according to the expression 

2 ' 80 . 10 ^* [H^l [CI2J 

(P 2 I + 1*70 [HCl]) ' 


Table IV. 

X 406 |j.a. 


[HCl] 

mm. 

(HJ 

mm. 

n’l.i 

mm.i 

1 

liKtidonf. 

■ intensity Jq 
em. 

1 

1 

ualculatod 
from lo 
cm. 


VcRk:. 

[ 

i 

yralr. 

1 

12 -r, 

1 

440 

1 

44-0 

i 

0 15 

0*80 

8770 

8900 

1*02 

12 n 

44-() 

43 0 

0 19 

0-79 

9220 

9050 

0*98 

59-2 

45 0 

45*1 

5-98 

0'80 

3960 

4200 

108 

115 

42' I 

42-5 

5 rs) 

0-69 

2420 i 

2420 

1*00 

215 

41*2 

42-7 

5-50 

0-69 

1360 

1400 

1*03 

an 

4 : 1-2 

43 0 

1 5-17 

( 

0-67 

935 

1060 

M3 


It will be observed that with the abov<i range of concentrations an increase of 
the pressure of hydrogen chloride from 12*5 to 817 mm. brings about roughly 
a ten-fold reduction in quantum efficiency. 

Maximum Value of Quantum Efficiency, — ^The largest vahie of the quantum 
efficiency recorded in the above tables is 5*6 x 10* (Table III). The formula 
deduced in section (d) suggests, however, that by increasing the concentration 
of hydrogen and chlorine and reducing the amount of light absorbed values 
greater than this should be obtainable. Accordingly using [Clg] = 62 imn., 
[Hgl ^ 480 mm., [HCl] 12 mm., and labs. = 0*24 mm. (X “ 406 a 
value of 1 - 2 X 10® was obtained for y» in good agreement with those recorded 
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for the most sensitive mixtures by other workers.* Upon the basis of the above 
formula, a value of 1 -57 X 10^ is indicat(’d, and it is probable that the somewhat 
low (experimental ri^sult is to l>e ascribed to the presence of a small amount of 
oxygen in the hydrogen, which was too slight to be of any account until, as 
in the present instance, the pressure of hydrogen was very large. 


Thkorkttoal Disot’skion. 

Th<' experimental results confirm 1h(^ statement of (/hapinau and Gibbs 
(/oc. cit,) and show that in the absence of oxygen the velocity is proport-ional 
to a pow(»r of the light intensity approaching I (aet iiHlly 0*6), This makes it 
possible to conclude that the reaction chains ar(‘ tiTTuinated principally by 
self-neutralization — i.e., by the ret^ombinatioi of atoms — rath<T than by any 
inhibitor such as th(^ silicon oxychloride postulated by Bodenstein and Unger 
{loc. ciL), for in the lattc^r case the velocity would b(UH)me proportiional to the 
first power of the light intensity, as it does in the presence of oxygen. The 
discrepancy lH*tw(H*n our results and tlios(i of Bodenstein and Ung<jr would 
bi‘ removed if we could assume that in their apparatus there was some unknown 
source of oxygen or other inhibitor ; we were, however, unable to obtain 
evidence of any attack on the silica by the chlorine in our case, and can only 
assume that our experiments, like those of Chapman and Gibbsf were free 
from such comj)lications. 

The form of our experimental equation is nearly identical with that obtained 
by Bodenstein and LUtkemeyerJ for the analogous reaction of hydrogen and 
bromine, and as is well known, can be derived kinetically as the direct conH<^- 
quence of the scheme of reaction i>roposed by Christiansen, § Polanyi|| and 
Herzfeld.^l It is given in Table V, 


* TUe following maxiiuuni values of y ha-vo been recorded : 

Marshall (‘ J. Phya. Chem,/ voL 20, p. 1463 (1926) ) 3 X 10* 

Komield and Muller (‘ Z, phys. Ohom.,’ vol. 117, p. 242 (1926) ) 1 X 10» 

Porter, Bardwell and lind (' J, Amer. Chein. Soe..’ vol, 48, p. 2003 (1920)) 7 x 10* 

GOhring (* Z. Electrocdiem.,’ vol. 24, p. 236 (1918) ) 1 x 10* 


t In a private oomraunication Mr. Chapman informs us that he has recently boon unable 
to detect any effects which can be attributed to such an inhibitor as is postulated by 
Bodenstein and Unger. 
t * Z. phys, Chom.,’ vol. 114, p. 208 (1924). 
s ‘ Dansk. Vid. Math, Phys. Modd.,’ vol. 1, p. 14 (1919). 

II * Z, Bleotroohem./ vol. 26, p. 49 (1920). 

If * Z. Blectroohem.,' vol, 26, p. 301 (1919). 
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Table V. 


No, 

Reaction 

Heat effect* 

V eiooiry 
coefficient. 

(1) 

(^2 + Av 

Cl 4- Cl 

— 

h 

(2) 

Cl + JI, 

- HCl + H 

— O’Hical. 


(3) 

H 1 Cl, 

HCl + Cl 

+ 44-8 fecal. 

k. 

(4) 

H + HCl 

= H, + Cl 

+ 0-8 fecal. 

fe. 

(5) 

Cl + Cl 

^=C1, 

t .'57-4 fecal. 



Thus, we obtain upon the above basis 


whence 


r/lHClJ 

di 


21:^ k, V [HJ [Cl*] (UJ" '• 

(fc3ioy+i-4LHcii) 


2k, k, \/fjLH3]fCl3l 

^5 


( 1 ) 


(2) 


If reaction (4) did not occur, this expression would reduces to 

y^2k, -v/iMHsKUJ-" '’ (3) 

and the reaction would be uninhibited either by chlorine or hydrogen chloride. 
The fact that the oxp(‘rimental results are expressed by a relationship of the 
form of equation (2) rather than by equation (3) shows clearly that reaction 
(4) (i.c., the reversibility of reaction (2) ) must be taken into account here, as 
well as in the hydrogen-bromine reaction. This is in agreement with the fact 
that the heat of reaction (2) is very small. 

We may, however, examin(‘ other possibilities. The scheme given above 
assumes that riuiction (3) is very fast compared with reaction (2) so that the 
stationary concentration of chlorine atoms is large compared with that of 
hydrogen, and all chains virtually end by reaction (6). If, however, wo go to 
the other extnune, and assume reactions (2) and (3) nearly equally probable 
and that (4) does not occur, the stationary concentrations of hydrogen and 
chlorine atoms become comparable. Reaction chains may then be terminated 


♦ Calculated fiom the following data : 

H -f H == H, 4- 103 A: cal. \ Most pmbable values (Hidgwiok and Bowen, * Ann. 

Cl -f Cl = CIg 4-57-4 k cal. / Reps, of Chem. 8oc./ p, 401 (1931) ) 

Hg 4 * 2HCI 4 44 k cal. (• International Critical Tables.') 
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equally readily by auy one of the three possible atomic recombinations. The 
scheme, formulated as follows, 


(!') 

Cl, + Av = 

- Cl + Cl 

hi 

(2') 

Cl + H, 

- HCl 4 H 

A, 

(S') 

01, 4 H = 

= H(;i f- (S 

k.^ 

(4') 

HfH = 

= H, 

h 

(5') 

Cl -fCl . 

-Cl, 

K 

(6') 

H 4 OI - 

- HOI 



then leads to tin* relationship 

which differs from equation (3) by the term 1^2 which replaces the 
A 4 [HC 1 J of the latter in the denominator. The experimental results easily 
distinguish between this and the former scheme and in favour of the former 
since marked inhibition by hydrogen cliloride, but none by hydrogen, is 
observed. There remains the possibility for the starting of chains (considered 
by Bodenstein* in which chlorine atoms are to be considered only as the 
initiators and not as the propagators of chains, as follows : 

CI 2 + Av = Cl j Cl 
Cl + Hg f HgO - HCJ + H + H 2 O 
H + + CJ 2 - H + 2HC1 ' X 3 

the chains being propagated solely by hydrogen atoms. In the absence of 
oxygen the chains will be termiiiated by the nM^ombination of hydrogen atoms 

H + H - H 3 k^ 

It is easy to show (assuming with Bodenstein that ev(‘ry clilorine atom reacts 
as above) that this mechanism leads to the result : 

Y [Hj] [Cl,] (5) 

an expression which again is not confirmed by our results. 

It is thus clear that while the experimental findings clearly conform to the 
hydrogen-bromine scheme of Christiansen, Polanyi and Herxfeld {loc. 
cU,) they are in disagreement with the other possibilities considered, and since 
these have been chosen to represent extreme cases as far as possible, we may 
with some (jonfidenoe accept their mechanism as a working hypothesis. 

♦ ‘ Trans. Faraday Soc./ vol. 27. p. 413 (1931). 
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There is, howe.ver, one point which must he further considered — the 
mechanism of recombinat ion of chlorine atoms. Ac^cordiu^ to the work of 
Jost and Jung’*' the recombination of bromine atoms would appear to involve 
a third body in accordance with the well-known “ dreh^rstoss theory of 
Herzfekl.t 

Br -h Br -j- X - Brg + X'. 

Their repetition of the work of Bodenstiun and Liitkcmeyer with 
reference to this effect undoubtedly affords some evidence of a dependence of 
the velocity of hydrogen bromide formation on the total pressure (p) 
aoxjording to the theoretical expression 

d[mv] _ k\U^] [BrJ VU: 

dt ‘ (lBrJ + A:'[HBr])V^> 

though their n^sults with different inert gases appear to be extremely specific. 
Our own data, which extend over a wide variation of pressure, should be 
sufficient to show up such an effect if it existtHl in the hydrogen-chlorine 
reaction, and in view of the independence of the quantum efficiency on total 
pressure we can only assume that it is absent. In this respect our results are 
confirmed by the analogous results of Bodenstein and LindJ for the thermal 
combination of hydrogen and bromine which involves a similar scheme. Here, 
too, the velocity is apparently independent of the total pressure, and also of 
the presence of high concentrations of inert gas (CCl^, H^O and air). 

It remains to be considered how we are to explain this absence of the “ third 
body efftHJt '' in our results ; in this connection there exist the following 
possibilities none of which it must be admitted have as yet received adequate 
proof. 

(1) The atoms may recombine on the surface ; 

Cn + Cl + surface - Clg, 

the adsorption of atoms by the surface being necessarily considered weak in 
order to account for the necessary kinetic relationship 

(2) Alternatively recombination may occur by a mechanism visualized 
by Frenkel and Semenoff,§ according to which a metastable and a normal 

♦ ^ Z. phys, Chem.,’ B, vol. 3, p, 83 (1929). 

f ‘ Z. Phyaik/ vol. 8, p. 132 (1922). See particularly Bom and Franck, ‘ Z. Physik,* 
vol. 31. p. 411 (1925). 

i ‘ Z. phya. Chem.,* vol. 57, p. 168 (1906). 

§ * Z. Physik,’ vol. 48, p. 216 (1928). 
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halogen atom can recombine with light emission at the moment of 
collision without the intervention of a third btxly. Evidence for this in the 
case of halogens has been adduced by Kondratchew and Leipunsky* from a 
study of the light emission of the flames of burning halogen hydrides. This 
activation to state for bromine would requin* 10,500 cals., but for 

chlorine only 2500 and should tlierefore occur much mon* readily in the latter 
case. It has, however, been pointed out that only one such activated collision 
in 10* is likely to be eliicumt,t it is thus hardly probable that recombiiiatiou 
by this process becomes more efficient than that by way of ternary collisions, 
except at very low total pressures. 

(3) There is also the possibility that every chlorine atom which is liberated 
reacts to form Cl 3 . E}Ting and Rollefson in an extremely suggestive paper J 
have deduced from quaiitum mechanical considerations that the Cls molecule 
should be formed from 01 atoms and Clg molecules without the necessity of 
ternary collisions. If this is so, wc might replace the Cl atoms in our scheme 
by CI 3 molecules without any aIt(*ration of tin* kinetic consequences. Jc^ 
would now reh^r to the reaction 

2 CI 3 > 3Cl3 

for wliich triple collisions ar<‘ uimecessarj^ and tin* Christiansen-Herzberg- 
Polanyi formula follows unchanged. 

The facts are at present insufficient to make decision possible as to the validity 
of any of these processes, and we shall not pursue the matter further for the 
present. It is hoped, howe*ver, to reopen the question from this point of view 
at a later date. 

Vomparison of PhoiocJmmml Kimiks of the Hydrogm-Chlorine and HydnxjeM' 

Bromine Reactiom, 

(a) Let UB refer bactk to the scheme of reaction in Table V, and to the 
experimental and theoretical fornnilfiB : 

2 > 8 . 1 QnH 3 UCl 2 l 

and _ 

^ 

(;fc3 [018.14 - *4 [HClJ) (Wf'* 

• ‘ Z. Physik,’ vol. 60, p. 366 (1928). 

t Soe Roark and Urey, “ Atoms, Molecules and Quanta,” p. 403 (1930). 

} ‘ J. Amcr. Chem. Soo..’ vol. 64, p. 170 (1932). 
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Bodenstein* has suinniarizecl and extended the reasoning of Bodenstein 
and Ijutkenieyer (loc. cit,) and Jost (loc. cit.) and has arrived at the following 
values for the e-ollision efhciencies of the reactions of the hydrogen-bromine 
and hydrogen-chlorine schemes ; 


Table VI. (Bodenstein). 


Reaction. 

Collision 

Efficiency. 

H + Br^ = HBr + Br. 

10 » 

H + HBr -= H, + Br. 

10 » 

H f Clj = HCl + Cl. 

10 * 

H + HCl =Hg + c:i 

10 * 

ClfHj =HC14-H 

10 * 


These (’.onclusions are unaffected by the data of the present paper, except 
for reaction (4) 


H + HCl == Ha + Cl, 


which it is now apparent must have a collision efficiency of the same order 
as reactions (3), for on con\f>aring the experimental and theoretical ex- 
pressions, we see that 

= 1 * 7 . 


Accepting Bodenstein's estimate for reaction (3) we may thus assign an 
equal value of 10”“* as the collision efficiency of reaction (4). This is a new 
aspect of the hydrogen-chlorine reaction, for, on the basis of the supposed 
absence of inhibition by hydrogen chloride it has always been assumed that 
is negligibly small compared to {cf, Bodenstein and Unger, he. cU.). 
Thus the facts now presented bring the Nemst scheme into accord with the 
results of Bonhoeffer and Boehmf which hitherto seem to have been 
unjustifiably neglected ; for it was shown by them that hydrogen atoms 
when passed into hydrogen chloride, react rapidly to give molecular hydrogen, 
a process which can only be satisfactorily explained on the basis of the reactions 

H+HCl-Hg + Cl 
H + Cl --HCI. 


Further, a comparison of the results which they obtained with hydrogen 
bromide under similar conditions indicates that the probability of the corre- 
8]>onding reaction 

H f HBr - Ha + Br, 


* ‘ Trans. Faraday Soc,/ vol. 27, p. 413 (1931). 
t ‘ Z, phy«. Chem.,’ vol. 119, p. 385 (1926). 
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is of tlie sanu^ order of magnitude, and gives us additional confirmation of the 
equality of the WM^fficients in the two reactions. Thus the identity in order 
of magnitude of all four (u>efficients, for the two reactions is indicated and this 
can only the cos** if the activations for the four reactions (3) and (4) are 
in eacJi case zero. 


(6) The tempf'ratun* coefficient of the hydrogen -chlorine reaction deter- 
mined by Padoa* for ultra-violet light is given as 1'17, and by Porter, Bard- 
well and liindf as about 1*10. Taking a mean of 1*14 we obtain an apparent 
activation for the reaction of 2300 cals. If we assume, that as in tin? hydrogen- 
bromine reaction this refers solely to reaction (2), the agreement with the 
slightly endothermic heat of reaction (2) (1000 cals.) is satisfactory. The 
temperatun^ coefficient for the hydrogen- bromine reaction, determined by 
BodeuHtein and Liitkemeyer (Uk. cit.) is 1*5, giving an activation for reaction 
(2) of 17, (KM.) cals, on the above assimiption. (bmparing then k^ for the two 
reactions, and ren)ieml>ering that the hydrogen-bromine reaction was measured 
at 6(K)" Abs,, while the hydrogen-(diIorine reaction was measured at 300^^ Abs., 
w(* obtain 




av 




(jf H,300 
f> R.50<l 




2.10'^ 


If, however, as suggested on p. 119, the recombination of chlorine atoms 
according to reaction (5) requires an activation of m. 2500 cals., then, to account 
for the observed activation of 2300 cala. for the hydrogen chlorine reaction, 
the activation of reaction (2) must be somewhat greater. Sinc(i the measured 
activation depends on the temperatunj coefficient of the ratio kjy/k^ we may 
calculate as follows : 


e 


e 


“TfioiT 

'.:K,5on 


— 10(H> 


where Eg is the activation of reaction (2), From this, -r 3600 cals, 

Tluis it follows (since the recombination of bromine atom, which depends 
according to Jost on ternary collisions, has no activation) that 




8 fi 0 (l 

R.800 

1706ft 
^ lOiio 


1 ■(> . 105 


* Griffith and McKeown, “ Photopr<K;eH«eiii,” p, 656 (Longmans, 1929). 

t ‘ J. Amer. Chenu 80 c.; vol. 48, p. 2603 (1926). 
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The v&lm of ^2 for tlie hydrogen- chlorine reaction therefore is, upon these 
reckonings, about 10® or 10^ times as great as for the hydrogen-bromine re* * * § 
a<ition ; and sinc*.(‘, as wo have stM3n, the coefficients i5;3, ^4 and probably 
are of similar orders of magnitude for the two reactions, the above ratio 
should also be the ratio of the (corresponding quantum efficiencies. For the 
hydrogen-bromine reaction Lind* reports a value of about unity at 250° C., 
while an estimate has also been made from the data of Bodenstein and LUtke- 
meyer (/oc. ci^.) by Lewis and Ridealf which gives a maximum value of the 
same magnitude. Our own value for the maximum quantum efficiency of the 
hydrogen-chlorine rea(ition is of the order 10® and is thus in good agreement 
with the above considerations. 

(c) If we take the activation of reaction (2) according to tlu? above (!on- 
siderations to be between 2300 and 3600 cals., then the value of k^ is between 
2 . 10 and 2 . 10~ ® times the value of k^ and ^^4, each reckoned as having 
zero activation. This is in agreement with the scheme of Christiansen, Polanyi 
and Herzfeld which we have adopted, for in order that self-neutralization of 
chains should occur solely through r(?combination of chlorine atoms (reaction 5) 
and not appreciably by recombination of hydrogen atoms, the stationary 
concentration of the former must be large as compared witli the stationary 
concentration of th(5 latti^r, and this demand is only fulfilled kinetically if k^ 
is small (iompared with k^ and k^. In general accord with this, 
Kistiakowskif has calculated from entirely different considerations that 
is some times smaller than kg, while Bodenstein§ arrives in a different way 
at a similar result giving a factor of 

It may thus be claimed on the basis of the argument advanced above that the 
experimental results recordcid here for the photochemical reaction of hydrogen 
and chlorine in the abseiu;e of oxygen, taken in conjunction with the thermal 
data, are in general dimensional accord with the corresponding reaction betweem 
hydrogen and bromine, and that their interpretation by an analogous 
mechanism leads to results which are in agreement with the thermal and other 
data recorded by previous workers. 

The authors are indebt<^d to the (Tovernment Grant Comnuttce of the Royal 
Society for a research grant which has been applied in part, to the prosecution 

* ‘ J. Phys. Okem.; vol. 27, p. 66 (1924). 

t ‘ J. Amer. Chem. Sck*.,’ vol. 48, p. 2663 (1928). 

t * J. Amer. Ohom. Soc.,’ vol. 62, p. 1872 (1930). 

§ ‘ Trans. Farnday Soc,,’ vol. 26, p. 415 (1031). 
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of this work, and to the Commissioucrfl of the Exhibition of 1851 for a senior 
award to one of them (M. K.). 


Summary, 

The photoeh(^rui(‘al reaction between pure hydrogen and chlorine has been 
inv(*Rtigated by the photometric method described in Part T {loc. cit,). 

The quantum efficiency can be expressed over a wide range by the formula : 

■ X 10MH,]|C1,| 

A maximmn quantum yield of 1*2 X KP was obtained in good agreement 
with the results of earlier workers. 

In agreement with Chapman and Gibbs the velocivy of hydrogen chloride 
formation is {)roportional to a power of tlui intensity of absorbed light approach- 
ing 0*5 (actually 0*6). Reaction chains are thus terminated mainly by self- 
neutralization. 

For such oxygen-free mixtaires the atomic mechanism involves Nernst 
chains the atomic reactions of which are similar to those of the corresponding 
hydrogen-bromine reaction. 

It is shown on the basis of thc^ present data tliat the scheme of Christiansen, 
Polanyi and Herzfeld applied to the hydrogen chlorine reaction yields results 
in general dimensional agreement with the relevant thermal and statistical 
data of other workers. 
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Condensation from Molecular Rays, 

By M. i\ Johnson, M.A., D.Sc., and T. V, Starkey, Physics Department, 

University of Birmingham. 

(('onmiunicated by S. W. J. Smith, F.K.S.— Received October 20, 1932.) 

1. Introduction. 

If two or more components in a gas mixtaire are simultan(H)usly adsorbed 
upon a solid boundary, the resulting surface striicture is not ne(^essarily a 
simple mixture of the layers which each gas would contribute by itself. For 
instance, adsorbed molecules of each component may alter the rates of evapora- 
tion of the other components from the surface, and also their mobilities in 
migration along the surface, even if none of them react chemi(;ally while 
adsorbed. Hence tlu* kintdies of interfacial layers on solids exposed to mixtures 
l)ef^om(^s prohibitively complex as a general problem. When, however, one 
component is a metallic vapour and the otlwir is one of the gaseous impurities 
common in vacuum teclmique, th(‘ practical results of contamination of the 
form(»r by the lattcu an* often so important as to demand th<; empirujal investi- 
gation of individual details in advance of any general treatment. The detail 
chosen in the present paper is the effect of certain gases on the electrical con- 
duction of a metallic layer deposited from the vapour phase. 

There is (considerable (jvidence that a metallic vapour adheres differently 
to surfaces covered with various impurities, and such gas coverings may also 
be expecded to have profound influence upon the lateral diffusion which has 
recently been proved to play an essential part in the building up of a crystalline 
solid. The electrical conductivity of such metallic deposits is known to be 
very small and uncertain compared with that of the bulk metal, and to vary 
discontinuously with several conditions ; in particular it exhibits anomalies 
in ageing, in temperature dependence, etc.,* many of wliich are commonly 
stated to Ixi ^ probably due to occluded gas.” 

No attempt seems hitherto to have been made to approach more nearly the 
actual processes by which gas might enter and influence the electrical and 
structural properties of a metal film during its formation ; it is desirable to 
know how much of the usual suggestion as to “ occluded gas ” can be made 

♦ Bartlett, ‘ Phil. Mag./ voL 5, p. 848 (1928). 
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definite, and for this the exp(5riraental evidentx^ must be repeatable, and 
quantitatively controllable, and such as to exhibit any gas effects at their 
maximum. 

In fulfilment of those three requirements we measure the growth of tjon- 
ductivity in films of mercury de^posited on a liquid-air cooled target from a 
unidirectional stream of atoms, among which any gas can be mixed to a known 
proportion of the molecules crossing unit area. Both the vapour and the gas 
are therefore directed at the target from an oven whose aperture obeys the 
condition for “ atomstrahlen,” and the surrounding vacuum is kept high enough 
to eliminate disturbing collisions in tjui gaseous phase. 

It then becomes possible to connect the structure of the mixed adsorbate 
with its electru-al conductivity, by varying the nature, 
duration and stream density of gases accompanying, pre- 
ceding or succeeding a very faint stoam of metal vapour. 

From a scries of graphs showing the growth of conduction 
under the several controlled conditions we derive informa- 
tion as to the diffusion of oTie component tli^rough a loose 
adsorlxid structure of the other, and throw light on the 
successive- stages of growth which can be discriminated ; 
the action of the gases may further be disiinguislied 
according as they alter the evaporation rate of the metal 
or alter the specific, resistance of a given amount of the 
metal. 

Such effects are unavoidably present, in many n^searches 
with molecular rays, surface catalysts, thermionic and 
photoelectric surfaces ; the information we obtain by 
experimentally magnifying the gas contamination may 
enable correct allowance to be made for its intrusion in 
cases where it cannot be eliminated, 

2. Apparaim, 

The source of mercury vapour was a liquid reservoir 
capable of precise thermostatic control (fig. 1) communi- Fio. 1. 
eating with the adsorption vessel by a circular aperture 
of area, A, 0-0045 cm®, cleanly bored in a platinum sheet; the latter was 
sealed by soft glass to the top of the reservoir tube, which thus constituted 
the usual “ oven of a molecular ray apparatus. The stream density at any 
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orientation situated at distanrxj <1 from the apertufe was then obtainable from 
vapour pressure data, temperature and dimensions by mentis of the well-known 
formula 

p A eos* 0 

V — - X — , ^ . 

\/27Wt/cT 

To avoid passing the mercury over any greased surface, such as a tap, a steel 
ball, fitting an accurately ground seating, could be moved to and from a side 
tube by external magn^^tic control. When the ball was in its seating any 
irregular annulus through which mercury vapour might still enter the oven 
was of very small area compared with tlic oven exit A ; the stream density 
could thus bo reduced to a negligible value before beginning an experiment. 
From a side tube a measured capillary connected with reservoirs and gas 
drying apparatus, etc., allowed admission of any gas at any required rate into 
the mercury stream. The oven pressures (mostly of the order of 10"® mm.) 
needed for any given number of molecules of any given gas to emerge from the 
apert-ure were calculated by an extension of the above formula to more than 
one component ; care was taken that for each molecular weight this controlled 
admission did not exceed the maximum density for “ molecular flow. Using 
the laws of molecular flow through capillaries, the pressures in the reservoirs 
needed to maintain the desired pressures in the oven were also calculated for 
each gas,* 

The target was on the surfac^e of a glass bulb whose neck was filled to a given 
level with liquid air ; the temperatures both of inside and outside of the bulb 
were measured by thermocouples in control experiments, to determine the 
thermal sequence accompanying gradual change in composition of the liquid 
air, etc. 

As deposition of merc^ury proceeded on the bulb, a conducting bridge was 
gradually formed, between electrodes which lead to a calibrated galvanometer 
system supplied with constant potential from a potentiometer. Previous 
writers on the resistance of films have emphasized the extreme difficulty of 
ensuring contact between electrodes and deposit ; after preliminary work the 
plan was adopted of platinising two longitudinal bands along the whole length 
of the target bulb and tube, and then thickly copper plating to enable the 
portions which projected outside the adsorption chamber to be sticurely attached 
to leads. Kegions in coixtacit with other parts of the apparatus were protected 
by mica, and shellac proti^ctcd the metal from amalgamation until very close 


* i)unoye‘r, “ Vacuum Praotioo ** (1926). 
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to the target. The target itself was a small rectangle on the bottom of the 
bulb, left bare both of platinum and of shellac, and bounded on two sides by 
the deposited platinum electrodes which were thus in the most intimate 
contact with the glass and with any mercury condensing. Repeatable results 
fret^ from contact resistance were by this means obtained. 

The space between apertur(i and target was continuously evacjuated through 
a very wide trap and short:, wide tubing by a three-stage diffusion pump, 
keeping the system below discharge pressure, W’here lubrication was needed 
Shell-Mcx grease of extremt>ly low vapour pressure was used. 

3. Definition of Plane Resistance, 

It was found that by taking the known value of v and adopting in turn 
various hypothetical rates of re-evaporation, agreement could be obtained 
with any of the various high specific resistances mentioned by pmvious 
workers. This indicates the ind<efiniteness of a term which has been a source 
of ambiguity in many discussions of film resistance, owing to the impossibility 
of knowing accurately botli the tiackness and the mass of th(^ metal, or even 
of defining precisely the cross-section offered to currents by material only a few 
atoms thick. Our experiments show that one reason for the abnormalities of 
film resistanccj is that density in such material is not a simple function of 
density in bulk ; hence specific resistance, with its implication of a regular 
two-dimensional cross-section, loses its unique significance in these cases where 
the packing of the constituent particles is not constant. Accordingly, we 
confine all specification to the resistance offered by a strip of unit length and 
width to currents flowing in its plane. This is a quantity suitable for comparing 
the properties of sheets whose thickness is negligible compared with their 
area and whose two-dimensional cross-section would only be definabhi in 
terms of particular methods of estimation. The longitudinal resistance of the 
region bounded by the platinum on our target, corrected for lead resistance, is 
reduced to R ohms per cm.^ from the measured dimensions, and 1/R then 
forms the most convenient quantity in terms of which to discuss the results 
obtained. 

From this definition of plane resistance, 1/R would be a constant linear 
function of time during constant stream density if all impacts on the target 
contributed to the building up of a deposit of normal properties. The nature 
of gas-impregnated films is hence to be deduced from departures from such 
simple law. 
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4. of Orowth of Oo}%dmtion, 

The maiu features revealiHl by the experiments are exhibited in the form of 
graphs of 1 ill against of which figs. 2 to 7 typify many of similar character. 
The origin of time, wan taken in each case at the opening of the ball valve 
when tlie target had reached thermal equilibriam. The beginning (t) and 
the end (j) of any gas admission into the beam of mercury atoms is indicated ; 
the intensity of the latter becoming constant shortly after and remaining so 
throughout each experiment. The time needed for establishment of the several 
pressure gradients was small compared with the length of any experiment. 
Comparison of one gas with another, in fig. 4, was effected by admitting 
each at a given pressure below the maximum limit for molecular flow, for a 
length of time calculated to ensure the same total number of impacts on the 
target for each successive gas. 

Chara(^teristics of the several graphs are summarized as follows before their 
interpretation is discussed in the succeeding section. 

Fig. 2. (a) No Gas Admissions , — It is probable that different physical 
mechanisms of resistance predominate at different times during growth at 
constant stream density ; hence we distinguish within each curve thrcie stages, 
ot, p, Y, in which, as to order of magnitude, > 50,000 ohms per cm.®, and 
Ry < 1000 ohms per cm.®, p being a transition stage. 

The rate of growth invariably increases through a, p, to a maximum in y, 
where the growth is not only the fastest but approaches a constant rate not 
very different for all the experiments. But this characteristic y-vata sets in 
earlier and at lower values of 1/R in successive repetitions of the experiment, 
curves 1, 2, 3 being members of a typical sequence in which the liquid air 
bath was emptied between each. This process of successive shortening of the 
a-stage can be made to begin again and repeat itself, starting from a duration 
as great as 4 hours and finally reaching a duration of only a minute or two ; 
but each return to the longer a-stage and the beginning of a fresh sequence 
only occurs (i) if the apparatus is left under vacuum for a week or so, or, 
alternatively, (ii) if any gas at atmospheric pressure and temperature is admitted 
for a moment. Thus, in the a-stage at normal temperature, the deposit 
evaporates with extreme slowness spontaneously, but quickly under gas 
bombardment. 

(6) Gas Admissimi before tp only , — The dotted curves 4, 5, 6 also form port 
of a sequence with secularly shortening oc-stago, but before each member of 
this the target was exposed at its lowest temperature to Hg at low pressure, 
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admiBsioB of the gas then ceasing before each admission of mercury began. 
The lack of any apparent distinction between the sequences to which (a) and 
(b) belong indicates that the tenacious and slow-growing a-stage is not itself 



Fju, 2. 


greatly affected by small amounts of gas to wliich layers may be exposi*d after 
the mercury stream has ceased. 

(c) Gas Admission throitghoul . — -If the smallest amount of Hj is mixed with 
the stream of mercury from Iq onwards, the initial stage is delayed much further, 
no detectable conductivity appearing after 7 hours. If admission of H 2 is 
finally stopped, a slow rise of 1/R then sets in. 
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Fig. 3. — If the liquid air is not renewed and the observations are continued 
a slight warming of the target occurs. Traceable in the thermocouple measure- 
ments shown. A very rapid evaporation of the outermost layers of deposit 



can under these circumstances be observed without the stimulus from gas 
bombardment. This loss occurs independently of whether any gas is then 
being admitted or not, but sets in later if much gas has previously been ad- 
mitted (compare hgs. 3 and 4) and often sets in earlier the larger the actual 
value of 1/R. 

Figs. 4 to 7. Qas Admission after t^. — ^Fig. 4. — If gases are admitted after 
some interval beyond all to the same niuubcr of molecules and hence for 
difierent times, cessation of growth occurs almost instantaneously and con- 
tinues until shortly after such admission ceases. The subsequent resumption 
of growth is slower, never regaining the yrate which had preceded gas 
admission. 
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Fig. 4. 

Kg. 6. — the particular case of COg thus admitted, conducjtivity not only 
ceases to grow but falls to the a-stage. This fall may be postponed in 
some cases imtil several minutes after the gas has ceased to be admitted, 
but it occurs at times which are clearly independent of any change of 
temperature, the two curves exhibited fall at 16 and 60 minutes 
approximately. 

Kg. 6. — The subsequent resumption of growth after COg admission is not 
only delayed for an hour or so, but finally sots in at a rate which is slow even 
in comparison with the rate of growth after equally long a-stages in the gas-free 
sequences. On this graph is also shown the somewhat similar behaviour after 
exposure to the contents of an oxygen discharge tube. 

Kg, 7, — If any of the gases pass through a discharge on their way to the 
oven (beginning at f and ending at ) the fall takes place even with those 
gases which, in their ordinary state, merely caused cessation of growth, and 
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Fig. 6. 


Fig. 7. 
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ifl again quite distinct from the fall due to temperature rise in fig. 8. The after- 
effects of discharge most resemble those of CO 3 in the case of oxygen. 

5. Evidemefrom Conduction Curves as to Physical Properties of Mixed Deposit. 

By comparing the rates of growth before, during and after admission of 
certain quantities of gas with the rates obtained when no gas was added to the 
mercury stream some features in the physical state of the adsorbate become 
evident, which constitute the principal inferemcie from these experiments. 

But it is important to recognize that even in those instances where gas is 
not intentionally dirijctcd at the target the structure of the deposit should 
never be regarded as strictly gas-free, though for convenience of comparison 
we shall use that term. The surrounding residual gas even at 10”® mm. 
provides sufficient stray molecules to contaminate considerably any deposit 
from such an extremely weak vapour stream as is deliberately adopted here 
for revealing and intensifying the effects of gas. Thus the structure we 
investigate is similar to those met in most experiments at high vacuum, but 
must not be expected to resemble those whic.h result from rapid deposition 
in denser vapour, where the closely packed mass approximates more nearly 
to a stratified model The present results ar(i obtained by adding at will to 
a contamination which, as in most condensations at the lowest pressures, 
cannot be entirely eliminated. 

(i) Bates of Evaporation. — Deposits from mercury vapour so dense as to be 
comparatively gas-free do not readily re -evaporate as the surface is raised 
even to room temperature ; their ultimate coalesc^ence into globules is familiar, 
a common experience with boiling mercury, and liquefaction in situ was even 
shown by Egerton to occur in atomic ray experiments under different con- 
ditions to ours.* This is to be expected for a pure substance of melting point 
—39'' C, and boiling point 360'' C. But in the present experiments stream 
density is low enough for gas impacts often to interv(jne between those of the 
metal atoms ; now, many metals are known to be more weakly adsorbed upon 
a gas-covered metal than upon the bare surface of their own or other kind ; 
for instance, in the so-called “ critical ” or '' transition ’’ phenomena,! inter- 
vention of gas layers preventing full exercise of the normal energy of sublima- 
tion or of adsorption. Hence it is of interest to examine the present results 
for any signs of a weakened average adhesion, or readier escape by thermal 
agitation, than for the pure material in bulk. 

* * Phil. Mag.,’ vol. 33. p. 33 (1917). 
t Fraser, Molecular Kays ” (London. 1931). 
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This abnormal cvaj>oration is shown in fig. 3, That genuine ro-evaporation 
occurs both here and botwocn the separate curves of fig. 2, not merely lique- 
faction into drops or other loss of conduction witliout loss of material, is shown 
by the fact that no secular accumulation occurs beyond the a -stage, however 
often the experiments are repeated, and that even the cumulative effects at 
the a-stage are swept away by momentary exposure to atmospheric temperature 
and pressure. 

Ease of re-evaporation of metal from gas-covered metal may next be exhibited 
in intensified form by introducing more gas in addition to the unavoidable 
contamination. The result, fig. 4, appears as a further increase in rate of 
evaporation until rate of condensation is balanced and the net amount of 
conducting material on the target ceases to grow. 

Since strong adhesion of a gas atom to a metal surface is not incompatible 
with weak adhesion of the metal vapour atom to th<* gas-covered surface, the 
evaporation rate of the mixture may be a very complex phenomenon, and we 
do not pursue at present the above simple general explanation into its minor 
complications, such as the delay in purely thermal desorption recorded in the 
note on fig. S. 

(ii) Structure at the (x,-$tage . — The excessive ease of re-evaporation is not 
constant through all depths of the deposit, and is much less marked at the 
initial a-stages, where lack of cumulative effects at normal temperature and 
pressure again proves the phenomena to be not merely due to liquefaction. 
This tenacity at the a-stage becomes intelligible when the nature of the target 
is considered, and very probably represents the period at which some of the 
original surface is still, here and there, exposed. An unbaked glass surface 
does not offer a plane target, since it is known to support vapours supplied to 
it from its own interior structure, to a depth of many molecules and in scattered 
patches. The initial deposition of mercury must for some time be occupied 
in filling up these irregularities. The identification of stage a with this process is 
supported by the following considerations : — 

(a) On such a surface the normal adhesion to a plane, controlling the interval 
between arrival and departures of an impinging atom, is supplemented or even 
greatly magnified by mechanical trapping ; this depends on the large prob- 
ability of recapture by adjacent surfaces at all orientations before the 
evaporating particles can escape irrevocably into the gas phase. We recorded 
(p. 130) the prolongation of normal evaporation time in vacuo from a few minutes 
at stage y to several days at stage a, and this must be greatly contributed to 
by such trapping, resulting in a progressive filling up of the irregularities each 
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time an experiment is repeated without coniplete deBorption. The secular 
decrease in space available for this peculiar mode of growth may be considered 
to underlie the observed secular shortening of the a-stage which continues until 
stops are taken to stimulate complete evaporation by bombardment at higher 
gas pressure. 

(6) Since the lateral migration, now known to play an essential part in 
crystal growth, must be impeded by th(5 obstructions belonging to the original 
target unt il all such irregularities are filled up, the rate of growth of conduction 
in the a-stage should be slow, as it is actually found to be. 

(c) This immobilization of mercury in interstices should also result in the 
deposit at this stage offi^ring a less penetrable target for subsequently impinging 
gases ; that this is so is shown by th(i comparative insensitivity to rarefied 
gas applied to residual layers left in the y-stage, as noted in connection with 
fi^ “J 

(iii) Diffusion through a Loose Siructme at the y-Stage . — ^An important 
indication as to this is afforded by the “ after-effects characterizing figs. 
4 to 7. In all the gas-free curves, fig. 2, the rate of increase rose throughout 
any curve towards a limit, approaching it more rapidly the shorter the a-stage. 
But in fig. 4 the attainment of maximum rate had been reached early, and gas 
was then applied at the y-stage ; after cessation of gas admission an interval, 
clearly visible on each curve, is needed for re-establishment of flow equilibrium, 
but after that the interrupted growth is resumed but at a slower rate. The 
repetition of this phenomenon at widely differing time intervals shows that it 
is not an incipient temperature effect. The after-effe(;t of temporarily ad- 
initting gas is thus to prevent return to the maximum y-rate, allowing subse- 
quently deposited mercury atoms to contribut(i only a comparatively slow 
growth of conductivity. 

If the applied gases did no more than form stratified layers upon the surface, 
weakening the adhesion of the next arriving mercury atom, this after-effect 
could not outlast the very short time needed for a single layer of the latter to 
accumulate, i.e., for a very small increase in conductivity to appear ; but 
actually it prevents return to the y-rate throughout a rise of conductivity of 
over 100 per cent., indicating that the gas permeates the whole suhsegimi^ly 
deposited structure. It becomes necessary to suppose it can diffuse upwards 
from the reservoir that it forms upon, and within, the previously deposited 
xnass. 

That the gas also permeates the previously formed structure is shown in 
figs. 6, 6 and 7 ; here OOj and all ionized gases not only produce cessation of 
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growth, as did Hjj, Og and A, but an almost total loss of previous conductivity 
down to the a-stage, the effect making itself felt to a depth corresponding to 
over 90 per cent, of the conducting structure. 

A lower limit to the rate of this diffusion from stirfaoe into volume is indicated 
roughly in fig. 5, where the full effect of admitting gas is sometimes not apparent 
until 5 to 8 minutes after the supply of gas has been cut off, which is of the same 
order as the time needed to attain a fresh flow equilibrium. This rate of 
diffusion represents, at this temperature and pressun*, a very rapid transport 
compared with the spread of a gas into a normally packed solid, either by lattice 
diffusion, or by grain-boundary diffusion. 

This evidence that gas applied to the surface spreads almost at once through 
the whole deposit affects any model by whiidi such metal films may be pictured ; 
the structure must rt^semble a sponge, rather than any lattice, in the extreme 
looseiKvss of its packing. 

This conclusion is in accord with some microscopic studies of mercury 
deposited in the presence of gas by Volmer and Estermann,**' in which the first 
approach to solidification appeared to be a foliated growth with random 
orientation of its edges. 

(iv) Distinctiom between Oaa Effects on Conduction and Oas Effects on 
Evaporation. — Any apparent modification of the growth in conduction by 
gases may include not only the promotion of re-evaporation of mercury, i.e,, 
a decrease in the net mass deposited from a constant stream, but also changes 
in the resistance offfired to electric currents by any given mass. 

It is a priori likely that both occur in all the instances here discussed, but 
so far only the former has been proved ; the data must be examined for 
evidence for or against the latter, in view of the gap theory which gives a 
plausible explanation of the high resistivity shown by thin films. This theory 
has recently been given more precise form by Frenkel, f who considered the 
normal lattice impedance to electron flow as supplanted, in these films, by 
large potential barriers, or gaps between separated conducting aggregates. 
The existence of such aggregates is an obvious inference from any model 
based on the diffusion processes we have described, and gases in such structures 
will modify this non-metallic gap resistance, both (a) by altering the quantum- 
mechanical transmission coefficient for each gap, and (b) by inhibiting the 
migrations by which the gaps become closed, in such crystal -growing processes 
as sintering. 

* ‘ Z. Fhysik,’ vol. 7, p. 13 (1921). 
t ‘ Phy». Rev.,’ vol. 30, p. IfKM (1930). 
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It is in the observations involving COg, fig. 6, that such effects appear as a 
neceBsary implication of t he experiments, not to be explained simply by the 
facilitated re-evaporation. If, in these cases, the apparent loss of conductivity 
represented solely a loss of material through evaporation stimulated by 
impinging gas, the latti'r would itself be lost together with the impregnated 
metal ; the comph'teness of such loss would follow from the inability of the 
gas to permeate the imderlying a layers when these are already deposited 
(p. In such an event any subsequent recovery after withdrawal of gas 

would be expected to obey the same laws of growth as in the gas-free ” 
experiments, i,e., to r<*peat some part of the sequence represented in. fig. 2, 
where r(‘ -evaporation abovi* the a-layers is invariably followed by a faster, not 
a slower, rise. This is not the case ; the final growth after treatment by CO 2 
is very slow, (*ven compared with that wliich followed equally long delays 
imposc^d by more normal means. The curves for ionized oxygen also shows a 
less marked but definite dissimilarity from the way in which conduction rises 
after removal of tin; whole upper structure. 

Hence after almost total loss of conductivity the subsequent new growth 
still exhibits after-effects from the gas, indicating that more of the latter 
remains than can be occluded at the a-stage. Hence the loss of conduction 
in these experiments cannot be entirely a loss of material, but must include 
the other alternative, tlu; formation of obstructing layers acting by (a) or (6) 
in the gaps between material wliich still persists on the surface. 

The gap theory of n‘sistance requires for (a) no physical liypoihesis 
beyond the well-known alteration of el(;ctron transmission across a potential 
barrier effected by monomolecular layers on thermionic and photoelectric 
emitters ; hence there is no need to postulate any insulating compoimd of 
known chemical type for these obstructing layers in the gas-impregnated metal 
deposit, fSaturated monomolecular layers of gases adsorbed upon the enor- 
mous Hccessiblt; area presented by structures of the type studied by Volmer 
and Estermami are sufficient to account for the increase of resistance and 
for the increase of evaporation. That the gas deposition is fully saturated 
is shown by further experiments, in which reduction of the pressure 
of the intruding gases did not weaken perceptibly their effect upon 
conduction. 

It is a pleasure to acknowledge gratefully the kindness of Professor S, W. J. 
Smith, I'.R.S., in making possible these experiments. 
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6. Summary. 

Experiments arcs described iu which a beam of mol(‘cular rays condenses 
into an electrically condxxcting film on a liquid air cooled target ; the beam 
consists of (a) a constant stream of mercury vapour, with {b) controlh^d additions 
of Hg, Og, A, COg, and various ionized gases, in turn. 

Analysis of curves showing the rate of gro\\i:h of conductivity reveals certain 
repeatable effects which persist after cessation of gas admission. By com- 
paring slopes of the curves before, during and after the introduction of 
definite amounts of a given gas the following features of the mixed deposit 
are illustrated. 

(1) The first mercury atoms arc trapped and prevented from free lateral 
migration in the irregularities of a vapour covered target, and constitute the 
stage of growth characterized by (a) slowest rise of conductivity, (6) least 
penetrability to subsequently applied gas, (c) an evaporation rate measurable 
in days instead of minutes. 

(2) Subsequent mercury atoms build up an outer structure loose enough 
for gases to diffuse in and out of it at velocities high compared with penetration 
into an ordinary lattice or crystal aggregate, 

(3) The action of Hg, Og and A can be explained as the formation of saturated 
monomolecular layers upon the enormous accessible area of loose metallic 
deposit. Mercury atoms striking these adsorb so weakly that evaporation of 
a large proportion of the deposit can occur immediately on rise in temperature 
of a few degrees at —110® C. 

(4) With COg and ionized oxygen there is further evidence that non-con- 
ducting barriers are formed in the interstices, causing fall of conductivity, and 
not merely facilitating re-evaporation of mercury. 

These results are in accord with what is known from miroscopical data 
concerning the growth of loosely aggregated structures from mercury vapour 
in the presence of gas. They also confirm, and illustrate some of the processes 
assumed by, the “ gap theory of the mechanism of thin film resistance. 
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The Moving Boundary Method for the Determination of Transport 

Numbers, 

By G. S. Haktlky and John L. Moilliet, The Sir William Ramsay Labora- 
tories of Inorganic and Physical Chemistry, University College, London. 

(Communicated by F. G. Donnaii, F.U.S. — Received October 27, 1932. 
Revised December 8, 1932.) 


I. Introductum and Definitions, 

The lack of a simple and fairly comphde theoretical treatment of the moving 
boundary method has betm felt in this laboratory in the course of transport 
number measurements in dye solutions. The results of these measurements 
are shortly to be published by Dr. C. Robinson and one of us (J, L, M.). In 
the present paper we shall attempt to develop a theory of the method, of 
necessity including some previous work, and to explain experimental results 
in th(' literature and the aforementioned work on dye solutions. Doubts 
have been expressed as t-o the validity of the method, in spite of the convincing 
experimental work of Macinnes, Smith, Longsworth, and co-workers, to whom 
wf‘ shall frequently have occasion to refer. These attacks on the method, we 
believe, have arisen from a misimderstanding of th(^ fundamental principles 
involved, and wc shall endeavour to answer them in this paper. In order 
to avoid confusion, we shall first explain the terminology to be used, which we 
hope will be adhered to in future communications from ourselves and co- 
workers.* 

In this paper we confine ourselves to electrolytes (including colloidal electro- 
lytes). The application of the method to colloids will be the subject of a 
future communication from this laboratory. 

An electrolyte in solution will be considered as composed of an electro- 
positive and an electronegative radical. It will be important to distinguish 
between quantities pertaining to a radical, wliich are experimentaDy deter- 
minable, and quantities pertaining to the ionised part of the radical, which 
are dependent on a knowledge of the degree and manner of dissociation of the 

* The nomeiiiclfiture here described is not that used by one of us (G. S. H.) in two previous 
communications : ‘Phil. Mag.,* vol. 12, p. 473 (1931), and with C. Eobinson, ‘Proo. 
Roy. Soo./ A, vol. 134, p. 20 (1931). 
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eieotroiyte. This distinction Las been made by Macinnes, Longs worth, and 

oo-worteis, and by Miller,* who use the term “ion constituent.” 

We shall define the transport number T of an electropositive radical, for 
example, as the number of gram-equivalents of it which, as a result of electrical 
conductance alone, cross a section in the interior of the solution, fixed with 
respect to the solvent, in the direction of positive electricity, when F (one 
faraday) coulombs of positive electricity flow. Since this quantity is deter- 
mined experimentally for the radical itself, and not for that fraction of it 
which exists as free ions, we prefer to speak, for example, of the transport 
number of chlorine or chloride radical in a sodium chloride solution, rath(*r 
than of the transport number of (diloride ion. This is the quantity m(^asured 
directly in the usual Hittorf experiment when a weighed amount of solution 
is analysed. In the moving boundary method a small correctionf for volume 
changes is necessary. As this correction has already been fully treated, it 
will not he taken into consideration in this paper, t.e., a section fixed with 
respect to the apparatus will be assumed fixed with respect to the solvent. 

The mobility of a radical will be defined as its rate of transfer (in gram- 
equivalents per second) across a section of unit area normal to the potential 
gradient, divided by the concentration and by the potential gradient, The 
rate of transfer is assumed proportional to the potential gradient, f.e., Ohm*s 
law is assumed valid. This quantity will be identical with the mean velocity 
of any radical under unit potential gradient if the time interval considered be 
sufficiently great, and the equilibrium among the various states of combination 
in which the radic’al may occur is sufficiently rapid. It is assumed in this 
paper that this equilibrium is too rapid to have any disturbing effect. 

The mobilities of electropositive and electronegative radicals we shall 
denote by U and V, respectively. These quantities are frequently called 
“ ionic ’’ mobilities. We shall confine this latter term to the mean velocity 
under unit potential gradient of an ion species i while it exists as the free ion, 
and denote this quantity by L<. The relation between our U V system and an 
L system will be dealt with in a future paper by one of us (6. S. H.)4 When 

♦ * Z. phyfl. Chem./ vol. 69, p. 436 (1909). 

I Lewis, ‘ J. Amer. Chem. Boo.,’ vol. 32, p. 863 (1910). Cf. Longsworth, ibid,, vol. 64, 
p. 2763 (1932). 

J It is interesting to note that Faraday’s original meaning of the word ion ” was 
that of our eJectropoaitive or electronegative radical. This meaning is now no longer 
in general use, particularly since the word was introduced into gaseous physics, and a 
return to it is neither possible nor desirable. In phrases like “ anion transport number ” 
Faraday’s meaning persists and gives rise to considerable confusion. 
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the degree of dissociation is small, IJ or V may be small, even if L is large. Thus 
the mobility of lithium radical in dednormal lithium acetate is greater than 
that of hydrogen radical in decinormal acetic acid, although the mobility of 
hydrog(Ui ion is mucli greater than that of lithium ion. 

The quantities « — TJF and v ^ VF, or ™ - L^F, we Khali call the 
equivalent conductivities ” of the radicals or ions concerned. Those quan- 
tities arc often called “ mobilities,’' but wo prehu* the term used above, sin(3e 
the word “ mobility ” implies dimensions more consistent with those of 
our quantities U, V, or L,. 

Sinc(; we confine ourstdves to the radical quantities (u, U and v, V), the 
conclusions we draw' will lie independent of assumptions as to the micro- 
scopic state of our solutions. 


II. Fufidatmntal Relatiomhipa, 

Consider a column of cross-sectional area Q of an electrolyte solution con- 
taining positive radicals A, B, (3tc., whose concentrations in grara-equivalenta 
per cubic centimetre are c^, Cp, etc., and negative radicals R, S, etc. Let the 
specific conductivity be k, and let a current 1 flow. Tlion from Ohm’s Jaw the 
potential gradient must be given by 


dh Qk ’ 


(1) 


By definition, the rate of transfer of the radical A is equal to - T^ gram- 
equivalents per second. 

The mean velocity of the A radical is — Ua (^m./sec^ond, hence the rate of 

an 

dF T 

transfer is equal to ^ Ua^^aQ ~ ~ Ca^a* Equating those values for rate of 

dh K 

transfer, we obtain 

TaK =- CaFUa = <^A«A' (2) 

In the case of a pure electrolyte, where Kje is defined as X, the equivalent 
conductivity, (2) simplifies to 

(2a) 


The total excess of positive over negative radicals transferred per second in 

the direction of positive current is i [ETa.b... +STb,s...] gram-equivalents. 

F 
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But an excess of positive radicals cannot be transferred without the trans- 
ference of F coulombs of positive electricity per gram-equivalent, hence the 
product of this amount by P is equal to the current I, hence 

STa, B ... + s ... = 1 (3) 

Combining this with equation (2), we obtain 

K := Sua a... + Svu Cu ... (4) 

and for a pure electrolyte this becomes 

K 710 + VC or X = u 4 “ V. ( 4 a) 

III. The Rate of Displacement of Concentration in a Conducting Solution. 

The theory of this subject has been treated by Kohlrausch,* Weber, fand 
von Laue.J We present here a simpler treatment. 

Let R be any negative radical in an electrolyte solution, pure or mixed, 
and let Tjt and be its transport munber and concentration respectively. 
Consider a column of unit cross-sectional area, through which a current I is 
flowing, and where is a fxmetion of the distance h along the column, as shown 
in fig. 1. Let the negative current be in the direction of increasing h. 



♦ ‘ Ann, Physik/ vol 62, p. 209 (1897). 
t * SitzBer. preus. Akad, Wias.,* p. 936 (1897). 
J * Z. anorg. Ohem.,’ vol. 93, p. 329 (1915). 
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Puring 8^ neconds thfro will pass a section at h in the direction of negative 

<*.\irrent IS^ coulonil)K, and thercdore, l>y definition, ~ Tj(S^ grain -^equivalents 

F 

of B. Similarly, ^ -f gram-equivalents will pass the sf^ition at 

{h -f 8A), and conse^pU'utly th<‘ elementary volume SA betwetnii them will 
lose -p STjtiSf gram-equivalents of R, and tlie mean conciuitration in the volume 
1 ST 

will decrease bv ^ which, in the limit where 8A =:^ 0, is equal to 

* r oA 


I d'Hr, 


Bf. 


(5) 


F dh 

After 11 tiniii 8l, then-fcirf, thf initial concentration r.j^ in SA will assume a 
/ T dT dc . . 

value ( Cr ^ ), whicli is the concentration initially obtaining at 

V r oCji dh 

1 dT 

a distance - - 8^ from thf‘ given section. Tins concentration has, 

I dX 

ther<>forc, advanced through a distance i — B St in t ime St, i.e., it advances in 

F 

the direction of negative current with a vidocity 

F dc„ • 

The function dT^/iicR will be a complicated one in the gencsral case, bticause 
Tr is not a function of alone, but also of the coiK entrations and mobilities 
of the other radicals present, which may be Iarg(*ly independent of 

For a pun^ el(‘,ctroIyte, however, dTjtjdcji is a unitpie fimction of % (=== c^) 
at any one temperature, and is, by (i)) equal to — dTJdCj^. 

A conce.ntration in a pure electroljdc is therefore propagated or displaced 

I dT 

in the direction of negative eurrtmt with a velocity equal to — ~ . 

Anoth(?r special case of (5) is of interest. If we have a radical Y (say nega- 
tive) present in small quantity in the presence of a largt; excess of other radicals 
at constant concentration, Vy will be <;onstant and dKjdCy negligible, 

J1 (£x!!x\ will therefore become Vy/K, Tlu* ratt* of displacement of the 


dCy \ fC 

concentration of Y, ~ , will tbcrcfori', be. 

F doy 


1 dTv 


i iil 
F K 


dh 


Vv, 


( 6 ) 


t-e., the concentration will advance with the velocity of the Y radicals. 


VOL. OXL.—A. 


L 
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In deriving (6), difEunion has been ignored. Its effect will, of course, be to 
flatten out any variations in concentration that may exist. 

IV. llw B(>u)idary between two Pure Electrolytes, 

A. Ths Existeme of the Boundary, — ^I^et a solution of AX lie above one of 
AB, as shown in fig. 2, and let us suppose that a C(‘rtain amount ot intermixing 
has occurred. The solutions arc^ chosen so that the heavier of the two is 
below, and so that is greater than Vx in any solution which may occur. 
Let us suppose the negative current to flow downwards. 

The motion of the R and X radicals can be arbitrarily 
split up into throe simultaneous motions : (1) a uniform 
velocity of all the individual radicals in the direction of 
potential gradient ; (2) additional velocities, depending on 
the instantaneous state of dissociation or aggregation, also 
in the direction of potential gradient, but positive or 
negativf), having an average value of zero ; and (3) the 
('ntirely random thermal motion, also with an average 
value of zero. We will first consider the effect of (1) 
alon<‘, the others being assumed non-existent. 

Since Vj^ is always greater than Vx, the R radicals will 
be moving faster than the X radicals in every part of the 
system. Wherever R and X radicals exist together, R 
radicals will always be overtaking X radicals, but X can 
never be overtaking R. Further, the velocity of the X 
radicals at any place will be equal, and hence the foremost 
of these radicals will remain the foremost throughout. If we start with a 
finite number of R radicals above this foremost X radical, it follows that 
after a finite time interval all the R radicals will have passed this X radical, 
t.e., complete separation of the two electrolytes will have occurred. 

Th(i effect of the other two component motions will clearly be to cause 
interdiffusion of the two electrolytes. The three components together will 
therefore give rise to an (Hpiilibrium condition giving a boundary of limited 
diffuseness. The theoretical calculation of the depth of the boundary is a 
matter of considerable difficulty,* but it is found experimentally that with 

* Since this paper was communicated, a Buccessful computation of the depth of the 
boundary >>etwecn KOI and LiCl haa boon published by Macinnes and Longsworth in a 
general review of the methtxl (‘ Chem. Bov./ vol. 11, p. 171 (1932) ). 


AX 

AR 

+ 

Fio. 2. 



147 


Determination of Transport Numbers. 


suitable elcctTOlytes and apparatus a boundary is obtained which appears as 
sharp as the interface between two immiscible liquids. 

B. The Velocity of the Botindarif — Consider the system in fig. 2, in which 
the speed of the boundary is that of the K radicals immediately below it, 
AK is called the leading electrolyte* and AX the indicator. 

The rate of transfer of K in gram-equivalents pirr second ac^ross any section 

in AR is given by ^ where Tj^ is the transport number of R in the immediate 
Jc 

neighbourhood of the sect ion. SiruM! tlie boundary remains sharp, tlicn if the 
concentration of AR nmiains th(> same througliout the volume which will be 
swiipt out by the boundary during a determination, the volume velocity of 
the boundary Is given by the equation 


d(f> ^ I Tk 

dl F Ck • 


( 7 ) 


Within the boundary, diffusion and diffusion potential will invalidate the 
ordinary fundamental relationships of Section II, However, the only con- 
ditions that need be sat isfied in order for the method to lx* valid are that the 
boundary should be sharp enough for its position to be accurately determined, 
and that the concentration of tlu^ solution into which it is advancing should 
remain constant.* 

C. The Constrxmy of CommUration of the Leadwy Rudicul R, — As Kohlrauschj 
has pointed out, it is impossible for concentration tdiangiis to develop spon- 
tam^ously in the interior of a homogeneous solution as a result of electrolysis 
alone, hence regions of clmnged t^oncentratiou can develop only at the l>auad- 
ary. Such regions can, however, be shown to disappt^ar for all known esases. 
Suppose that in some way th(^ concentration La>s changed just below the 
boundary. This new conc<*ntration will advance with a velocity given by 


I dT 

^ , assuming the column to be of unit- cross-scctional ar(;a. The boundary 

■T (tCjj 

I T' 

will be. moving with a velocity givt'ii by - ^ , wheuv primed quantities are 

K 

values, not necessarily (constant, in the r(*gion of changed con(xmtration. If 
the region of change is moving upwards, it will meet the boundary and dis- 
appear ; if it is moving downwards, it will be overtaken by the boundary and 


♦ The fact that in a satisfactory moving boundary syst/cm the velocity of the boundary 
remainB oonstant, provid<^d the current flowing is kept oonstai^t, is experimental proof 
that tho boundary moves with the same velocity as the mean resultant velocity of the 
leading radieals, and that conditions in tho boundary itself are unimportant, 
t * Ann. Physik,’ vol. 62, p, 209 (1897). 
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disappear, provided tiat Tjj/% is always gi*eater than So far as 

we know, this is always true.* 

P. T/ui Cmicentration of the Imlioator liadiml X.- -Let us comidrr AR 
to remain homogeneous, and suppose the houndary'^ to sweep through a small 
volume during t he passage' of a current I for a short time interval Sf. From 


1 T 

(7) it is evident that 8^ ~ — 8^. If is the transport number of the X 

radical in AX, then ~ Tx 8^ gram-equivalents of X will hav(^ crossed th<* original 
F " 


position of the boundary into 8^. and the mean conccuit ration of X in this new 

If there are to be no regions of ehang<*d 


T 

region of indi(*iitor will be ^ 


concentration iieveIoj)ed in the indicator, this new concentration must be 


the same as th<' old, or 


Cu 


, which is tht' well-known relation of Kohl- 


/ dF ' 

rauscli. Where this relation is satisfied, or ( yr] ^ 

/AX 

The concentration and transport, number of an indic’ator solution which satisfy 
Kohlrausch’s relation will be. denot<‘d by the index K, and the relation will be 
written 


ih 




(8) 


Suppose, a boundary to be formed between AR and a solution of AX of 
concentration c'x, differing from the Kohlrausch concentration. Consider a 
plane section above the initial boundary position at such a distance that a 
small volunu* 8^ lies between the two. Let a small time interval 8^ elapse, 
during which the boundary sweeps through an equal volume 8^, which is equal 
I T I T 

to - -^8( ~ 8/. The amoimt of X crossing the section above the 

r c^i r Cx 


boundary is giv(ui by - T'x S(, hence the mean concentration between this 


8f>'x + |T'xSt 

section and tlu^ final position of the boundary in .1 ^ . .i . and sub- 


stituting for this is equal to \ 


C V "V 




2 8^ 


* Even in the rather extreme example of a 0*1-0 *2 N cadmium iodide oolution, an 
increased concentration would be propagated downwards with a velocity of about 1 *6 1/F, 
while the boundary between the region of change and some suitable indicator would mo ve 
downwards with a velocity of at least 4*2 1/F. 
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If the Kohlrausch concentration Cy^ differs by a finite amount from c x, 
then the mean concentration differs by a finite amount from although Si 
and may bf3 made indefinitely small. Hence any concentration change 
oc<-urs abruptly. During this time interval the concentration change itself 


I dT 

will have moved through a volume - — Si. This will, in all cases we know, 

h d( \ 

I T . 

Ih‘ less than r- — ^ Si, i.e., less than tlie volume considered on either side of the 


original boundary position. Consc^quently there must exist a uniform con- 
centration on eithiu' mh of the abrupt change, which on the boundary side 
can only be the Kohlrausch concentration Cy^, 

E. Mobility frenn the Velocity of the Boundary.— It the cross-sectional area 

Q of the tube in which the boundary moves and the specific conductivity 
^AR solution are nu asured, the potential gradient in the latter 

can be calculated from (1).* The mobility of R may then be obtained 
directly from the linear velocity of the boundary. This procedure is not 
essentially different from substituting the value of T obtained from equation 
(7) in equation (2). We use the quantities T and I rather than dE/dh 
and U or V, since I and not dE/dh is ne<?essarily constant throughout the 
apparatus. 

F. The Movement of the Commern Bmlkal across the Boumlary. - Mukherjeef 
has claimed to show tliat there will always be a deficiency in the amoimtof the 
common ion behind a moving boundary, except when both the leading and the 
indicator ions (or radicals, to use our terminology) have thtj same transport 
numbers in their resjx'ctive solutions. Tliis deficiency would destroy electrical 
neutrality and seriously affect the motion of the' boundary. This conclusion 
nssults from Makherjee’s having assumed that if the time interval 
considered be indefinitely small, the motion of tli<^ boundary can be neglected. 
Since, however, tliese infinitesimals are of tlic same order, this aHSumi)tion 
is incorrect. As has been pointed out by Macinnes and Dole,| when the 
appropriati' transport numbers are used and the movement of the boundary 
considered, transj>ort of the common ion involves no violation of electricjal 
neutrality. 


^ Calculation of this quantity dE/dh from the total exttirnal potential difforonoe applied, 
which is not infrequently done, i« quite errfmeouR, since the value of k cannot remain the 
same for both solutions, 
t ‘ J. Indian Chem. 8oc.,’ vol. 5, p. 693 (1928). 

X * J. Amer. Chem. Soc.,’ vol. 63, p. 1304 (1931). 
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V. Th^ Boufidary between Two Pure Electrolytes — Experimental. 

In the preceding sections it has been shown theoretically that the velocity 
of a moving boundary is independent of the initial concentration of the follow- 
ing (indicator) solution, since in all realizable cases the leading solution remains 
of constant concentration, and the indicator solution adjusts its concentration 
to a final constant value. However, disturbing effects such as concentration 
and temperature convection have l>een ignored, and it will be shown that 
experimentally they limit the independence of the boundary velocity from the 
initial concentration of the indicator solution. 

A. Falling Boundaries, — Early workers* with moving boundaries, with the^ 
exception of Denison and Steele, did not obtain results of much quantitative 
significance. Denison and Steele assumed complete automatic adjustment 
of the indicator to the Kohlrausch concentration. 

Macinnes, Smith, and co-workers, f in a series of investigations on solutions 
of uni-univalent electrolytes, found that the value obtained for the transport 
number of a radical varied with the <?oncentraiion of the indicator radical, 
except in a fairly limited region about the Kohlrausch concentration. The 
general type of their curves is shown in fig. 3. The range in which transport 
number was ind(q)endent of indi(;ator concentration, was grf*ater the more 
dilute the solutions and the smaller the bore of the tube in which the boundary 
moved. Within the adjustment range, the value of T was independent of the 
potential gradient used ; outside it, higher potential gradients gave higher 
apparent transport numbers. Outside the adjustment range the variation 
in observed transport number was least when the difference in the mobilities 
of the leading and indicator radicals was greatest. The earlier measurements 
of these investigators are precise to at least 0*2 per cent. ; in later work to 
0*02 per cent. 

* Whetham, ‘ Z, phya, Chem.,’ vol. 11, p. 220(1893) ; Nemsi, ‘ Z. EIektnK;hem./ vol. 3, 
p, 308 (1807); Masson, ‘Phil. Trans,,’ A, vol. 102, p. 331 (1800); ‘Z. phys. Chein.,’ 
vol. 20, p. 601 (1899) ; Abegg and Gaus, ibid., vol. 40, p. 737 (1002) ; Stoele, ihid.t vol. 40, 
p. 689 (1002) ; Denison, ‘ Trans. Faraday Soo./ vol. 6, p. 166,(1900) ; ‘ Z. phys. Chom.,’ 
vol. 44, p. 676 (1003) ; Denison and Steele, tVnrf., vol. 67, p. 110 (1906) ; ‘ Phil. Trans.,' 
A, vol. 206, p. 449 (1906). 

t * J, Amer. Chein. Soo,/ vol. 45, p. 2246 (1923), vol. 46, p. 1398 (1924) ; Macinnes and 
Brighton, ibid.^ vol. 47, p, 994 (1926) ; Smith and Macinnes, ibid., vol. 47, p. 1000 (1926) ; 
Macinnes, CWperthwaito and Blanchard, vol. 48, p. 1909 (1926); Macinnea, 

Oowperthwaite, and Huang, vol. 49, p. 1710 (1927); Macinnes, Cowperthwaite 
and Shedlovsky, ibid., vol. 51, p. 2671 (1929). 
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In the work done in this laboratory on dye solutionH, tlie investigators 
obtained cim’^cs of th(^ general type shown by fig. 4. To the left of th(! Kohl- 
rauHch coneentration th(^ transport number of the n(*gativ<^ radical in the dye 
was independent, within th(i pn‘eision of the moasuromentB (0*3 per cent.) 
of the indicator eoneeni ration. To the right the curve ros<» quite steeply. 



The increase in T to the right of the Kohlrausch concentration can be 
explained by convection effects. As Longsworth* has pointed out, convection 
currents will be set up by the original indicator solution above being heavier 
♦ * J. Amer. Chom. Soc,/ voL 62, p, 1904 (1930), 
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than the new indicator solution below, because the former is more concentrated,*** 
and, being a better ennductor, cooler. The currents thus set up not only undo 
the automatic; adjustment of the indicator, but sweep up a part of the leading 
solution. Witli dye solutioas, fine red streamers are plainly visible running up 
into an indicator that was initially too concentrated, and the latter soon 
becomes coloured. The boundarj’' remains sharp and the velocity fairly 
constant. Since a part of the leading solution has been carried up into the 
indicator, the value of d<f>/dtj and hence of T, is evidently too large. 

These disturbing effects will be less, and therefore the adjustment range 
gmater, with dilute solutions, for the density differences en(;ounter<‘d will be 
less. The heat convection effect will be less in a small bored tube, for the heat 
developed is carried away more quickly. In an indicator solution near the 
adjusted value, the concentration remains fairly uniform along the column of 
indicator, hence temperature differences are not great, and the heat convection 
effect may be negligible, even with large potential gradients. The sharpening 
effect will act to return leading radicals, which have been swept up into the 
indicator, back to the leading solution ; therefore the effect of convection 
currents will be partly neutralized when the difference in the mobilities of the 
leading and following radi(;als is very great. 

B. Rising Boundaries in which the indicator solution is 

heavier, and placed l>elow the solution to be investigated, can be used only 
when the indicator radical is much slower and its solution much heavier than 
that of the leading radical, as Loiigsworth (loc. cit., 1930) has pointed out. 
Otherwise the heat convection set up by the warmer solution being below will 
seriously affect the shapt^ and velocity of the boundary.! With a rising 
boimdary the region of luiw indicator is above the old, hence concentration 
and temperature convection will affect the boundary if the original indicator 
was too <iilute, but much less, if at all, when the indicator was originally too 
concentrated (Longswortb, loc, ciL, 1930). 

Cady and Longsworth,^ observing rising boundaries between solutions of 
alkali halides and indicator solutions of the coiTesponding cadmium salt formed 
electrolytically, estimated the concentration of the indicator near the boundary 
(a) from the change in the total resistance of their apparatus when a known 
length of leading solution had been displaced by indicator, and (6) by measuring 

♦ If the density of the indicator decreases with increasing concentration, the steep rise 
in Tr will be to the left of Cx*^. 

t Maclnnes, Cowperthwaite and Huang, ‘ J. Amer. Chem. Soc.,’ vol. 49, p. 1710 (1927). 

X ‘ J. Amer. Chem, Soc.,’ vol. 51, p. 1666 (1920). 
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tlui conductivity just bcliind the boundary with two platinized points. Both 
measurements indicated, within the experimental error, that the indicator near 
the boundary was at the Kohlrausch concentration. 

C. The Sharpening Effect . — ^The strength of the sharpening effect has been 
shown by Maclnnes and Cowperthwaite,* who stopped a boundary after 
noting its velocity, allowed the indicator and leading solutions to interdiffuse 
for periods up to half an hour, and then restarted the current ; the boundary 
reformed and became perfectly sharp. After a given length of time, it had 
reached the point at whi<.‘h it would have been, subtracting the time that the 
current was off, if it had never lH*en allow(‘d to become diffuse ; thence the 
boundary moved with its initial velo(uty. In the work on dyes previously 
mentioned, the same effect was observed. 

These results are to be expected from theoretical considerations. The 
leading radicals, in the region unaffected by interdiffusion, proceed with their 
original velocity. Leading and indicator radicals are separated by the sharpen- 
ing effect, and any regions of changed concentration in the heading solution 
near the boundary disappear. The indicator readjusts its concentration to 
the Kohlrausch value. Since the leading solution is again at its initial con- 
iicntration, and since the same amount of current has been flowing as before 
the interruption, the bounds, must b<» at the place at which it would have 
been if interdiffusion had not occurred. 

D. Erroneous Movvmj Boundary Mmsurmmiis , — Even in fairly recent 
literature, some authors have assumed that the slower, following ion (radical) 
determines the velocity of a boundary. This is a theoretical misconception, 
for it is the leading radical which remains of constant (H)ncentration, while 
tile following radical changes its concentration to th(‘ Kohlrausch value. This 
assumption is also not in agreement with experiment. If the following radical 
did determine the velocity of the boundary, the velocity would depend on the 
initial concentration of the following radical. There would have been no flat 
places in the curves shown in paragraph (A) of tliis section, the slopes would 
have been muc^h steeper, and the value of transport number obtained would 
have fallen with increasing concentration of the following radical, given the 
same current, instead of rising. 

Engel and Pauli, f ^ preliminary to measurements on colloids, used 

potassium chloride, sulphate, and acetate solutions as indicators ” for 

* * Proo. Nat. Acad. Soi., Wash.,’ vol. 15, p. 18 (1929). 

t ‘Z. phys. Chem./ vol. 126, p. 247 (1927). See also Pauli and Va!k6. “ Die Elektro- 
ohemie der Kolloide,” p. 161 (1929). 
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potassium permanganate, the permanganate always following. The boundary 
velocity, from which they attempted to calculate the mobility of permanganate, 
varied greatly and was larger the larger the mobility of the “ indicator ’’ 
radical. They therefore attack the method on the grounds that the velocity 
of a moving boundary is not independent of the nature of the “ indicator,’' 
and quote Denison and Steele* as having observed the same effect. The 
latter workers, however, had their indicators following the solutions to be 
measured, and observed that sometimes the values obtained for transport 
numbers varied with the nature of the indicator ion.f These variations 
were never so gniat as those found by Engel and Pauli, the largest being 
slightly over 1 per cent. Denison and Steele were also quite possibly outside 
the range of indicator concentration within which heat and concentration 
convection are negligible, for in the case cited they were working with a normal 
solution. 

Lorenz and Neu+ made n number of measurements, in at least some of which 
their ‘‘ indicator ” appears to have been leading the slower radical who8(' 
mobility was to be measured, for they state (p. 55) that the boundary alwap 
gives the velocity of the following ion. The method which they used for 
calculating mobilities from boundary velocities is not clear. 

E. The Momng Boundary Method and the Hittorf Method, — Theoretically, 
the moving boundary method and the Hittorf method measure the same 
quantity by a direct and an indirect method, respectively, if the volume 
corrections previously mentioned are made in the moving boundary method. 
This was clearly pointed out by Miller.§ 

Discrepancies between older determinatioxxs by the two methods gave rise 
to misgivings, empirically justified at the time, as to the validity of the moving 
boundary method. Recent Hittorf measuxements,|| however, with con- 
siderably improved technique, have shown striking agreement with the results 
of Maclnnes, Longsworth, and co-workers with moving boundaries. The 
latter workers have attained a higher degree of precision than is possible 

‘ Z. phys. Chem.,’ vol. 57, p. 110 (1906). 

t Recently IjongHworth has shown the velocity of a boundary to bo independent ofthe 
nature of the following radical. (‘ J. Amor. Chem. Soc.,* vol. 64, p. 2752 (1932), especially 
Table VI.) 

X * Z. anorg. Chem.,’ vol. 116, p. 45 (1921). 

§ ‘ Z. phys. Chem.,’ vol. 69, p. 436 (1909). 

II Maclnnes and Dole, ‘ J. Amer. Chem. Soo.,’ vol, 53, p. 1367 (1931 ) on KG solutions ; 
Jones and Bradshaw, ibid,, vol. 54, p. 138 (1932), and Longsworth, ibid,, vol. 54, p. 2758 
(1932) on LiG. 
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with the Hittorf method, especially in very dilute solutions, and, as they point 
out, with far less effort. 


VI. The Boundary between a Mixed Leadiny Electrolyte and a Pure 

Indicator. 

If we have an electrolyte AS as indicator for a mixture of AR and AX, 
fig. 5, the mobilities always being in the order > Vg, two boundaries 

will result : one between the original mixture and AX, and 
one between AX and AS. The system AK AX followed — 

by AX will be considered here, but it is impossible to use 
the same argument as before with regard to the sharpnt^ss 
of the boundary, and the treatment of the latter involves 

the previous assumption of the velocity of the boundary and 

is therefore logically incomplete. 

A. The hidicator Concenlration and the Permanence of AX 

tli^ Bowidary, — It can Ik‘ shown by the reasoiiing of Section I 

IV, D that, if a sharp boundary (exists, the concentration 
of the indicator which is consistent with constancy of com- 
position on either side* of the boundary is given by 

fP I rp If rp U AX 

™ (n\ 

r I r ^ I 

^X -4- 

where the index 1 i*efers to (juantities in AX, and 11 refers Fig. 5. 

to quantities in AR -f- AX.* 

A will usually b(‘ soiu<? univahmt radical, and the R radical is the only wie 
likely to be of high valence type. Consequently will not be greatly different, 
in the two solutions, or definitely less in solution (11), since mobility is lowered 
by the presence? of a higli valence radical of opposite sign. Further, the 
electrolytes are chosen so that V^^ is greater in all solutions than V^, hence 
will usually be definitely less than T/. Making use of equation (3), 
we obtain that 

Tx" + Th«>Tx>, 

and combining this with (9), we have that 

Since solution {II ) will therefore Ih' more concentrated than (I) and will also 


• On the BMumption that the mobility ratio Vx/Ua + Vx is the same in both solutions, 
Longsworth deriTos a special case of (9) and experimentally verifies it (‘ .T. Amer. Chem . 
Soo.,’vo 1.62, p. 1897 (1980) ). 
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contain a more mobile^ radical, it followa from (4) that kx will UHUally be leas 
than Kji, and hence 

\dh)i'"' ' dhhi 

From this last roJation it follows that any 11 radicals diffusing into the region 
above the boundary will be accelerated and caused to overtake it. Below, 
the advancing boundary will largely suppress diffusion. Tlie boundary will 
therefore remain sharp. 

B. AtUormiio Adjustme^U . — If the boundary remains sharp, instantaneous 

accommodation in an indicator not satisfying (9), and ])eing lighter than that 
which would satisfy (9), can l>e demonstrated exactly as before. Below the 
boundary, concentration changes cannot occur if dTj^/d(c^ and are 

both less than In the mixed solution dT,^/dcR is not a function of 

alone, but also of the change of with 

_ /STr'i 
dcR , 3 cr cx 

It is empirically tru(? that (STr/3cr)Cj will be less than in all ordinary 
cases, and therefore an inequality in the concentration of R can advance at a 
greater velocity than the boundarj’^ only if dcxjdc^ has some special value. 
Further, if the velocity of this region of change is to be maintained, this 
appropriate change of with Cr must advan(^(^ with it, i.e., dTx/dcx and 
dTn/dcR must be equal, a condition that seems unlikely to be fulfilled. Accom- 
modation in the leading solution is thus rendered improbable. It (*an be shown 
as in the case of pure AR leading pure AX tliat, if {dTxIdoxY is always less 
than Tx/c^, the AX concentration insolation (I) will adjust its concentration 
automatically to that satisfying (9). 

C. n ydroly sis. ~JjGt us consider the case of a solution of AR where HR 
is a weak acid. OH'“ ions will be present, and, if a non-hydxolyscd (dectrolyte 
containing no adde.d hydroxide be used as indicator, these OH~ ions will be re- 
moved from the region of AR immediately below the boundary, since Loh-> Vr. 
The AR in this region will therefore be further hydrolysed, more undissociated 
HR will therefore be formed, and the mobility of the R radicals thereby reduced 
until the equilibrium 0H“ concentration is sufl&ciently low for the loss to be 
made up by the transfer from the indicator of OH" formed by the dissociation 
of water. This may not occur before Vr has been reduced to less than Vx, 
in which case the boundary will be destroyed. At all events, the gradient of 
OH" concentration built up in AR will produce a gradient of R concentration. 
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If free hydroxide were add(jd to the indicator, this removal of 0H“ from 
the AR region below the boundary might be compensated. The necessary 
(concentration must satisfy the (‘cpiation 


rrs r 


T il 
OH" 




(10) 


The AX conctmtratiou must simultaneously satisfy tlu* Kohlrausch relation 
(8), but then* sc(*mH no r(‘ason why the (concentrations could not be so chosen 
as to satisfy both (8) and (10), at least initially. The system, however, will 
not be stable. If a small (juantity of OH diffuse from (1) to (II), the new OH" 
coiKcent rati oil just b(*low the boundary will advance with a linear velocity 

ecmal to ) e(] nation (G), since^ flue OH concentration is small. 

\<lh / 11 

V/E ’ 

But th(* lin(*ar velocity of the boundary is (—1 and since L^^on* will 

\(lh : jj 

be gniater than the new concentration will advam^c into the leading 

solution, and the initial conformity to equation (10) will be destroyed. The 
moving boundary method is therefore inapplicable to an electrolyte which is 
appreciably hydrolysed. Tlie reasoning of this section can, of course, be \ised 
to show that appreciable degree of hydrolysis of the indicator will also invalidate 
the method. 


In conclusion, w(* should like to thank Professor F. G. Donnan, C.B.E., 
F.R.S., for the kindly interest he has shown in this investigation, and Mr. B. 
Topley, Mr. H, Terrey, and Dr. 0. J. Walker for textual criticisms. We anc 
also particularly indebted to Dr. Conmar Robinson, with whom this paper has 
been discussed at considerable length. 


Sumnuiry, 

I. Th(j quantities used in Hus paper : transport number, mobility, and 
equivalent conductivity of a radical, are defined in terms independent of 
assumptions as to the state of dissociation or aggregation of the electrolytes 
considered. 

II. The fundamental relations among these quantities are worked out. 

III. The equations governing the displacement of concentrations in con- 
ducting solutions are derived. 
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IV. If there be a moving boundary between two pure electrolyte Bolutions 
having a common radical, and if the leading non-common radical be faster 
than the following non-tjomnion radical, it is shown theoretically that : — 

A. The two solutions become separated up to a limit determined by diffusion. 

B. The expression givdng transport number of the leading radical from the 

boundary velocity can be derived on the assumption that the leading 
radical remains at constant concentration. 

C. For all known eiectrolytes, the leading radical remains at constant 

con(!entration. 

1). There is a concentration of the following (or indicator) solution at which 
inequalities in it cannot develop. The indicator automatically attains 
this concentration. 

V. Experimental work on both rising and falling boundaries, and particularly 
the effect of temperature and (concentration convection, is discussed. Apparent 
deviations from theory are shown to be due to these eff(?ets. Erroneous moving 
boundary measurements in the literature are criticized, and the theoretical 
and exp(^rimental connection with the Hittorf method is pointed out. 

VI. It is also shown, though less rigidly than in the case of two pure electro- 
lytes, that a sharp boundary will usually exist imder similar conditions between 
a mixture of two electrolytes with a common radical and a pure solution of 
the one which has the slower non-common radical. The equation relating 
the thre<^ concimtrations concerned, and that governing the velocity of the 
boundary, are derived. The case of a hydrolysed electrolyte is briefly 
discussed. 
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The Scattering of Electrons in Thin Films. 

By G. 0. Lanostkoth, Pli.D,, 1851 Exhibition Scholar, King’s College, 

London. 

(Communicated by (). W. Kiohardaon, F.R.S.— Received November 2, 1932.) 

Introdnction. 

The laws governing the single (dastic scattering of electrons by atoms have 
been fully investigated from the th(!oretical side. The more general problem 
which includes inelastic scattering has also b(M‘n investigated,* * * § but the results 
are not readily applicable to experimental data. 

The nature of the results of experimental investigatioiiH varies considerably ; 
for the most part electron energies of at least 40 kilovolts and comparatively 
thick foils have been used. The results of these experiments,! wlxioh are not 
wholly in accord for different investigators, indicate that the variation of 
scattering with voltage and with angle follows th<^ Rutherford law. The 
absolute intensity is in all cases too large, and it appears to vary with the atomic 
number of the scattering atom more rapidly than predicted. 

On the other hand, with films of the order of 10“*^ cm. lhi(*>k and \\ath lower 
voltages there appears to be no consistent agreement with any theory of 
elastic scattering.! In general, the angle distribution curves are found to 
be very much flatter than the theoretical. Moreover, the intensity relations 
between the coherent and general scattering in electron diffraction experiments 
with thin films exhibits anomalous characteristics.§ Not even the back- 
gi*Ottnd, near the centre of the pattern at least, is scattered in accordance with 
the classical theory of multiphi scattering. || 

In th(5 present experiment the scattering of electrons of from 8 to 25 kilo- 
volts energy by films of various thicknesses was studied, with the object of 
ascertaining whether the observed behaviour is due to a serious modification 
of the elastic scattering laws in this region or to some other factor. 

* Elaaseer, ‘ Z. Physik,’ vol. 45, p, 522 (1927). 

tSohonland, 'Proo. Roy. Soc.,’ A, vol. 113, p. 87 (1926); Noher, ‘Phys. Rov.,’ vol. 
38, p. 1321 (1931). 

t Klemperer, ‘ Ann. Physik,’ vol. 3, p. 849 (1929). 

§ Thomson, * Proc. Roy. Soo.,’ A, vol. 125, p. 352 (1929). 

II White, ‘ Phil. Mag.,* vol. 9, p. 641 (1930). 
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The following measurements were made : (1) The angle distribution of the 
scattered electrons between 65*^ and 160*^ for various thicknesses of celluloid 
and aluminium film, and its variation with voltage ; (2) the total number 
of electrons scattered hack (between 60^ and 170®) from various thicknesses 
of aluminium film, and its variation with voltage ; (3) a few determinations 
of the probability of transmission for a thick aluminium leaf (7 X cm.), 
and its variation with voltage. Electrons of less than 3*5 kilovolts energy, 
and a large fraction of those of considerably higher energy, were prevented 
from entering the measurements by the use of a rc^tarding foil. In the total 
intensity and traiisniLssion measurements a retarding potential of low(»r value 
was used. 

The angle distribution (nirves for celluloid under single scattering conditions 
were found to be in all cases flatter than the theoretical. They showed a 
systematic variation with voltage and with film thickness which was not due 
to multiple scattering. The scattered intensity was of the predicted order of 
magnitude. 

The anglt! distribution curves for aluminium showed little variation in 
form over the wide range of conditions employed, although with the 
thinnest films used single scattering conditions prevailed. The absolute 
intensity of scattering was several times that predicated for elastic 
scattering. 

The manner in which variations with film thickness and with voltage occur 
indicates that in most cases the scattered quantity contains a considerable 
number of secondary electrons, which have at least one-half the primary energy, 
and which come for the most part from within small distances from the film 
surface. This is not at variance with the results of scattering experiments 
with higher voltages and thicker foils, for under these conditions their effect 
must be comparatively small. That they do occur is known from the experi- 
ments of Neher {loc, dt.). 

The results also lead to the following conclusions ; (a) The angle distribution 
curves for elastic scattering in this voltage region do not differ from those 
predicted by the Rutherford or Wontzel formula by more than 10 per cent, 
at intervals of 20®. There is reason to believe that the discrepancy is less tlian 
this ; (6) the probability of the production and escape of high speed secondary 
electrons is considerably greater for aluminium than for celluloid ; (c) experi- 
ments carried out on the scattering of electrons in this region of voltage and 
film thickness are capable of yielding an accurate determination of the elastic 
scattering laws only if very high retarding potentials are used. 
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If the presence of high-speed secondary electrons, which have the character- 
istics indicated by these experiments, is general, it furnishes an explanation 
of the anomolouB intensity characteristics observed in diffraction experiments 
with thin dims. In particular it does so for aluminium and celluloid. 

1. AppUoations of Theory, 

The results of this experiment in the single scattering region have been 
compared with the Wentzel wave mechanics formula for elastic scattering by 
an atom,* The distribution is given by 

1 2-™ 13-4Z* 

^ 16 ' V I (sin* 0/2 + a*)* ’ * " V (volts)’ 

where n is the numb«ir of atoms per cubic centimetre of the scatterer, t is the 
thickness of the scattering film, Z is the atomic number of the scattering atoms, 
and V is the voltage through which the primary ele(;trons fall. It differs 
from the Rutherford, or from the non-relativistic wave mechanics formulaf 
for nuclear scattering in the constant a*, which takes account of the screening 
effect of the atomic charge cloud. With 12 kilovolt electrons the screening 
effect lowers the ratio of the intensity scattered at 100° to that at 160° by about 
0*4 per cent, for celluloid, and by about 18 pc^r cent, for aluminium. The 
wave mechanics expression for nuclear sciittering with relativity and electron 
spin taken into account, J gives the ratio 100°/160° at 12 kilovolts to be about 
2 per cent, higher than the Rutherford value. 

There seems no reason to believe that appmciablo modification of these 
laws is necessary for the voltages used in this experiment. Mott§ has estimated 
that the influence of radiative forces on the scattering is never more than 
2 or 3 per cent. On the ndativistic classical theory, || there was some doubt 
concerning the behaviour of electrons which had traversed spiral orbits,^ 
but these are not predicted by the wave mechanics for the magnetic electron.** 

It is highly improbable also, that scattering of incident electrons by orbital 
electrons can appreciably affect the measurements. On th(*> assumption that 

♦ * Z. Physik,’ voJ. 40, p. 690 (1927). 
t Gordon, ‘ Z. Phyaik,’ vol. 48, p. 180 (1928). 
t Mott, ‘ Proc. Roy. Soo.,’ A, vol. 136, p. 429 (1932), 

§ * Proc. Camb, Phil. Soc.,* vol. 27, p. 265 (1931). 

II Darwin. * Phd. Mag,,* vol. 26, p. 201 (1913). 

^ Sohonland, ‘ Proc. Roy. Soc.,’ A, vol. 119, p. 673 (1928). 

♦♦ Mott, ‘ Pn>c. Roy, 8oc.,* A, vol. 124, p. 426 (1929). 
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the latter behave as an electron gas, no electrons are scattered through more 
than 90'^.* * * § This assumption neglects the binding energy of the orbital electrons 
which with aluminium is an appreciable fraction (about 0*06 for the K shell) 
of the primary energy at 20 kilovolts. A high upper limit can be calculated 
if the electrons be assumed to be fixed scattering centres of atomic number 
one. Their contribution is then Z/(Z^ + Z) of the total intensity. Scattering 
by conduction electrons cannot be effective, since their number, as indicated 
by theories of thermal and electrical conductivity, is of the same order of 
magnitude as that of the atoms, and they approximate more nearly to the ideal 
of an electron gas. 

Single scattering conditions were estimated with the aid of Wentzers 
t'riterion.f This depends on the experimental evaluation of the ratio 0/4:O> 
which has been found to incTease considerably with the primary voltage. J 
The value 3 • 0§ was used in all (;ases, but final estimates were made from exami- 
nation of the observed curves and their variation with voltage. 


2. Ap-paralm. 

Angle Distribution Meas'uremcnts , — ^The tube for the determination of angle 
distribution Lh shown diagranunatically in fig. 1. The Faraday cylinder C 
and earth(id surrounding cylinder were mounted on a crank, and could be 
rotated about the target F as shown by means of a ground glass joint. An 



Pui. 1 Exporiinental tube for angle distribution measunjniont^. 


angle reading device was attaehed to the crank outside the shielding. The 
diameter of the circular openings in the cylinders subtended an angle of about 

• Darwin. ‘ Phil. Mag./ vol. 27. p. 499 (1914) ; also Mott, ‘ Proc. Hoy. Soo./ A, 
vol. 126, p. 269 (1930). 

t ‘ Ann. Physik; vol. 69. p. 335 (1922). 

X Nehor, loc. cit, 

§ Of* Hnthorford. Chadwick and hiliH. * HadiationB from Hadioaotivc Substances 
(1930). 
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4® at the film. The opening of the protecting cylinder was covered with 
a carefully chosen aluminium foil, whose transmission oharacteristicei are 
contained in the data. Tiie Faraday cylinder was connected to one sot of 
quadrants of a Dolczalek electrometer. 

The scattering film was mounted on a metal ring about 1 cm. in internal 
diameter, which was fastened to the electron trap T by a small screw. The 
angle betwc(m the normal to the foil surface and the direction of incidence of 
the ol(H:trons was 30®. 

The electron trap was df?.signed in accordance with the fact observed by 
Rupp, that electrons striking a surface at an angle near grazing undergo almost 
complete specular refl(M5tion. It contained “ baffle plates ” of thin metal 
foil placed edgewise to the direction of incidence of the elf^ctrons. A ground 
glass joint enabled it to be easily removed to change a film, and to be replaced 
in exact position. It was connected to earth through a sensitive galvanometer. 

The electron soimic was a thoriated tungsten filament. The diameter of 
the circular openings in the electron gun was 1 • 5 mm. and the lengtli of the 
anode passage was 45 ram. The electron beam did not spread appreciably 
as shown by discoloration on films which had been used a great deal. The 
anode was always earthed. 

The containing tube was made of pyrex. The interior surface of the main 
bulb was silvered and kept at earth potential ; the outside was covered with 
metal foil also earthed. The seals with the exception of the greased crank 
joint were made with sealing wax. 

The pumping system consisted of a two-stage mercury diffusion pump 
bat'ked by a Hyvac oil pump, liquid air and charcoal being used to condense 
residual vapours. In g(meral a pressure of less than 10 ® mm. of mercury was 
maintained. 

The high potential was obtained from the terminals of two oil immersed 
glass plate condensers, each of capacity 0 • 033 microfarads, kept charged through 
a rectifying tube by a large induction coil opi^rated by a mercury break. 

Total Scattering Measurements,— The tube is shown diagrammatically in 
fig. 2. Because of the insulation I, electrons scattered by more than 170® 
were not included in the measurements. The aluminium cylinder C and the 
trap T were connected to earth through sensitive galvanometers. The grid 
R was kept at the required negative potential, usually 186 volts. 

Tramtnission Measurements , — In order to determine the fraction of the 
incident electrons transmitted by a foil, the tube for total scattering was used 
with slight modifications. The foil was mounted on a holder which fitted into 
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cylinder C and made good contact with it. The electron trap with the foil- 
holder removed to give it a 90^ end, was placed very close behind the foil and 



Pio, 2. — Experimental tube for total scattering measurements. 

served as a Faraday cylinder. When required a retarding fi<dd could be applied 
between the trap and the foil. Each was connected to earth through a sensitive 
galvanometer. 


3. Procedure. 

Angle DistribuJtim Memuremenls . — ^The following Wert*, the important 
measurements : — 

(a) The angle of scattering was measured by a 6 cm. pointer fixed to the 
Faraday cylinder crank and a semi-circular scale. This device was frequently 
calibrated. Single angle readings were correct to 2”. 

(fe) Absolute measurement of primary voltage was made by means of a 
spark gap of 4 cm. balls.* In order to detect variations in voltage during the 
measurements, an electrostatic voltmeter with a long light needle, and a long 
focus telescope were used. The latter was placed alongside the electrometer 
scale. The cross hair of the telescope was set on the voltmeter needle at the 
instant of sparking and the spark gap was then widened. The deflection was 
watched during drift measurements, and any variation was corrected by alter- 
ing the primary current of the induction coil. The controls were placed so that 
this could be done while observing the deflection. The error in absolute 
voltage at 16 kilovolts was less than 2*3 per cent, and the variation during a 
run did not exceed 2 per cent. 

(o) The scattered current was determined by reading the rate of drift of the 
electrometer. The sensitivities corresponding to various needle voltages 
varied from 7*20 to 1-87 X 10'^* amperes per millimetre per second. 

* Kaye and Laby, “ Physical and Chemical Constants,” 6th ©d., p. 97, 
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{d) The transmitted and absorbed current was proportional to the deflection 
of the galvanometer connected to the electron trap. The sensitivity, 
2*32 X 10“^ amperes per millimetre^ was decreased when necessary by shunt- 
ing. The spot of light was thrown on the electrometer scale. 

A single determination of a distribution curve consisted in taking readings 
at intervals of 10® from 60° to 160°, and then back from 160® to 60®. In 
the region where the intensity change was rapid the interval was reduced 
to 5®. 

In making a series of measurements both large and small incident currents 
were used in order to detect if possible any constant error. No variation of 
the ratios was observed when this was done. 

In order to determine the effect of stray aoattoring in the apparatus, and of 
X-rays, measurements were made without a scattering film. The curves so 
obtained were subtracted from those obtained with a film in calculating the 
results. The magnitude of the correction was about 4 per cent, for a celluloid 
film 6 X 10“® cm. thick, and considerably less for the aluminium films. 

A series of tests showed that inductive effects were absent. 

ToUil Sc(Uiering and Transmission Measurmnenls . — ^The ratio of the scattered 
to the incident current was given by the ratio of the current through the 
galvanometer connected to cylinder C, to the sum of both galvanometer cur- 
nmtfl. The transmission measurements were similar. The sensitivities of the 
galvanometers without external shunts were 2-86 and 4-76 X 10''^® amperes 
per millimetre. 

Two sets of readings, one with a large and one with a small incident current, 
were always taken at each voltage. No variation in ratio was observed. The 
correction for stray scattering was less than 2 per cent. Inductive effects 
were absent. 


4. The Scattering Films, 

Celluloid Films , — Those were prepared by evaporating a solution of celluloid 
in amyl acetate (concentration 0*00200 gm. per cubic centimetre) on a water 
surface, After mounting, the films were dried in an oven at about 40® C. 
for a day or two. This seemed to increase their strength. They were easily 
punctured in the tube and for this reason very small incident currents had to 
be used. 

The thickness was determined from the amount of solution used to produce 
a film of known area, and it is believed that the error introduced in this way is 
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less than 20 per cent. For the followiiig reanon, however, the films were 
thinner than calculated : it was ionnd that the Boattering power of a film 
decreased slowly with use, and that the spot- where the electrons impinged 
differed in appearance from the rest of the film. This is no doubt due to partial 
volatilization of the constituents with a consequent decrease in thickness. 
Sucli volatilization does take place rapidly with celluloid at about 130^ C. 
The ease with whicli films were punctured if too high incident currents were 
used support-s this view. 

In order to make theoretical (estimates of absolute intensity and single 
scattering conditions it is necessary to know n the number of atoms per cubic 
centimetre, and Z tlie effective atomic number. The (iomposition of celluloid 
may vary in th(^ degree of nitration of the (lellulose, and in the proportion and 
nature, of the solvent. The calculations were based on a composition of 76 
parts to 25 parts CioH^O, suggested by analyses of this substance. 

The imccrtainty in the constants was estimatt’d by considering the eff<H;t on 
them of varying the proportion and composition of the constituents. While 
n and Z may reasonably b(‘ changed by as much as 18 and G per cent., the 
change is in opposite? directions so that th(‘ change in 7i7J is never mort^ than 
10 per c(;nt. The spacing of the planes* and a probabh? structuref is known 
from the results of electron diffraction experiments. 

The effective atomic number (5-4} was calculated from Z* = 

K K 

where the subscripts refer to the various elements involved. The valuer of n 
(9*6 X 10** atoms per (uibic centimetre) was determined from the density in 
the usual way. 

Aluminium Films . — The large films required for tlxis work were made by an 
electrolytic method. A piece of aluminium leaf was floated on a 0*4 p(*r cent, 
aqueous solution of hydrochloric acid. This was made an anode by touching 
it with a fine wire, and an aluminium rod inserted vertically in the solution 
served as a cathode ; the aluminium was then electrolysed away from the foil 
until the desired thickriess was obtained. The optimuni current was found by 
trial. 

The method is extremely flexible ; beaten leaf is very irregular in thickness 
and only small areas, here and there, are suitable or films. The foil was 
viewed by transmitted light while it was being electrolysed, and one could 

♦ Thom»on, ‘ Proc. Roy. Soc./ A, vol. 119, p. 661 (1928) ; Reid, ibid., voL 119, p. 663 
(1928). 

t Jones, ^ Phil. Mag./ vol. 12, p. 641 (1931). 
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judge in about a minute whether any areas were suitable ; in this way a very 
large area of foil could be examined in a short time. The ratio of the suitable 
to the unsuitable area was aljout 1 : 600 for the leaf used. 

Satisfactory films coxild b(i made in this way whereas etching by hydro- 
chloric acid (or caustic soda solution) was entirely unsuccessful. In the latter 
case the films were always broken by bubbles of gas if high concentrations were 
used, or were irregular and had many small holes with low concentrations. 
This is probably due to the solution penetrating crevices in the foil and 
enlarging thiun as etching proceedt^. On the other hand, thinning electro- 
IjTtically tends to redmx*, rather than to inertiase, existing irregularities. 

The films were mounted m the following way. After washing, enough 
methylated alcohol was introduced on to the surfaiM*. of the water to form a 
thick layer in which the film floated. A metal ring was manoeuvred under the 
film and it was removed vertically. The advantage of the method is obvious 
when one considers that the surface tension of water and alcohol arc approxi- 
mately 73 and 23 dynes per centimetre. Tt was possible to mount easily 
films which would break on an attempt to remove them from a water surface. 

The films were standardized by determining their absorption of white Ught 
at normal incideu(i(^, and their thicknesses were estimated from these measure- 

i 

ra^uits. When the thickness is very small the equation logi^ -r ai, holds 

approximately, where Zq are the transmitted and incident intensities, t is 
th(‘ thu^knosB in g., and a is a constant which can be calculated from metal 
reflf^ction data. The value 2!} has Ix^on used, but optical constants for thin 
metal films appt^ar to vary to some exigent with the method of preparation of 
the film.* 

Small regions existed in all aluminium films which visual examination showed 
to be thicker than the surrounding parts. In order to obtain an estimate of 
the thickness of these, conta<5t photographs were taken of several films in 
which a pai*t had been overlappcid in mounting to form a double thickness. 
In a series of positives made with varying exposure times, the dark spots due 
to the irrtigularities disappt'ared before the general blackening of the double 
thickness. For tliis reason it is believed that the thickness of the im^gular 
regions docm not exceed, and is probably less than, twice the film thickness. 
This, as well as the increased effective; thickness due to film tilt, has been taken 
into account in the theoretical cahmlations. 


* * Int. Grit. Tables,’ val. 6, p. 256 seg. 
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6. RmtUa, 


Angle Dutrih^dion Measurements , — ^Por this apparatus, the ratio (p^) of 
the Rutherford scattering at any angle (0), to the incident current is given by 


rent /£Z\*r 
i48VV/ L 




cot*^ 

2 


] 


1 

ein 0 


where — Oj) =: 4*1° and 6 — + 6,). The Wentzel values, which 

are given in the tables, can be easily obtained from the known ratio of the 
Wentzel to the Rutherford scattering. 

The eiqperimental values for absolute intensity have been calculated for 
elastic scattering. Upper limits for aluminium have been estimated by 
assuming that the scattered electrons have the same energy distribution aa 
those from solid aluminium.* 

A correction must be made to the absorbed and transmitted current as 
given by galvanometer readings, if an appreciable portion of the incident 
current is scattered. Such a correction is essential for aluminium and has 
been made from the total scattering data. Corrections for stray scattering 
were also made. 

Because of the large number of angles involved it is not convenient to 
tabulate experimental readings directly. The values in the tables have been 
taken from the experimental curves. 

For purj)ose8 of comparison the theoretical and experimental curves for 
celluloid have been fitted together at 80®. This does not involve a change 
greater than the uncertainty in the values. The estimated absolute intensity 
scattered at 120® is, however, given in Table I. 


Table I, — Celluloid : absolute intensity scattered at 120®. 


Film thioknesa cm.) . 

5 

1 

Knergy (kv.) 

8 

12 

16 

H 

12 

Theory ( X 10 -^) 

Kxporimcmt ( x 10 “*) 

i 20 5 

19 

9-35 

9-3 

5*41 

7*4 

411 

2-7 

1-87 

1-8 


Wagner. ‘ Phy», Rev./ vol. 35. p. 98 (1990). 
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Table II. — Celluloid : relative intensity scattered at various angles. Measurements ware 
also made with a film 1*3 X 10”** cm. thick (see fig, 4). 


Film 

thiokneSH 

6 X 10-s cm. 

1 X 10"* cm. 

ifinergy • 

8kv. 

12 kv. 

16 kv. 

8kv. 

12 kv. 

Angle. 



Theory* 

Exp. 

Theory. 

Kxp. 

Theory. 

Kxp. 

Theory. 

Exp. 

70 


360 



10*0 


16*6 


12*8 


66*<=>9.3e 

76 

— . 



— 

— 

17 2 

— 

14*1 

— 

6*88 

80 

00-4 

60*4 

200 

20 0 

16*9 

16-0 

12*2 

12 2 

6*78 

6-78 

86 

60*2 

66*1 

24*6 

27-6 

14-3 

16*3 

9*90 


4*96 


00 1 

43-0 

61*0 

20*6 

261 

12*0 

14-0 


7*87 


4*78 

100 

32*2 

60*2 


2M 

8*76 

11*0 

6*42 

6*16 

303 

4*48 

110 

26-8 

39*0 

11*6 

17*4 

6*00 

10*1 

6*02 

6-28 

2*32 

4*48 

m 

20*4 

20*6 

0*38 

14*6 

6*41 

9*16 

4*11 

4*90 

1*87 

4*48 

100 

17 2 

26-6 

8*00 

12*8 

4*60 

8*67 

3*61 

4*86 


4*48 

140 

160 

28 3 


U-7 

4*01 

8*43 

3 01 

4*90 

1*38 

4*48 

150 

13*6 

21*7 

0*20 

11*0 

3*60 

8*40 

2*73 

4*95 

1*23 

4*71 

100 

12*6 

21*4 

5-70 

11*0 

1 3*26 

8*30 

2-60 


1*16 



Table III, —Aluminium : absolute intensity scattered from a film transmitting 
26 per cent, of the incident light (maximum thickness 7 X 10“* cm.). 


Energy 

20 kv. 

16 kv. 

i 

12 kv. 

8kr. 

Angle 

Theory 
( X 10-^). 

Experiment 
{ X 10-*). 

Experiment 
(X 10-*). 

Experiment 
(X 10"*). 

Experiment 
( X lO-*). 

70 


8*61 

0*79 

18*7 

16*4 

80 

3-31 

18*6 

18*6 

36-0 

32* 1 

90 


23*7 

24*6 

41*2* 

38*4 

100 

1*86 

26-8 

26*7 

42*2 

38*4 

no 

— 

24*3 1 

26*6 

41 2 

34*0 

120 

1-24 

20*7 

23*3 

36*7 

30*1 

130 


17*3 

20*6 

31*2 

26*7 

140 

0-02 

14*7 

17*9 

27*4 

21*7* 

160 



13 7 

15*4 

23*9 

18*6 

160 

1 0*78 

12*9 

13*7 

21*5 

13*6 

i«ot 

— 

13*9 

16*2 

27*8 

27 6 


* The single scattering angle limit is marked by an asterisk. 

t These values were estimated on the assumption that the energy distribution of the scattered 
electrons was similar to that of electrons soatterwl from solid aixuninium. 
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Distribution curves w(!re also obtained at 24, 20, 16, 12 and 8 kilovolts with 
a film of maximum thickness 1 X lO' ® cm., and at 26, 20 and 14 kilovolts with 
a film 7 X 10 ® cm. thick. The distributions were similar to those above 



Fio. 3. — Some anglt* distribution curves for celluloid. Curves (1), (2) and (3) ait^ for H, 12 
and kilovolt electrons, with a film 5 x I0"“* cm. tiiick. Curve (4) is for 12 kilovolt 
electrons, with a film 1 , ; 10 “^' cm, thick. The Wentzel (listributions are indicated 
by dotted lines. 

The sharp intensity deercaac in these curves below 76® or 80® i« due to the fact 
tliat as the angle of scatUjring approaches that of the film plane, the electrons traverse 
increasingly longer distances within the film before escaping, and hence are more and 
more strongly absorbed. For example, an 8 kilovolt electron scattered through 
150® at a point 2*5 x 10”* cm. from the film surface, stands about a 1000 times better 
chonoo of escaping without a further collision of 10® or more, than one scattered 
through 75®. 

given and there was no change in the position of the maximum. The curve 
for 14 kilovolts and 7 X 10"'® cm. tliickness has been included in fig. 4. 

Tofal Scattering ifeaswrewenf#.— The total number of electrona scattereti 
back from the film is, for Rutherford scattering, 

R =s ^ ) |o • 326 + 1 — cos' i (1 • 73 cot 0) cot 6/2 cosoc* 6/2 d6 1 . 
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B’la. 4. — ^Abeolute scattering curves for aluininiuni. Ourvea (2)> (3) and (4) are for a film 
7 X lO-** cm. maximum thickness at 12, 16 and 20 kilovolts. (1 ) is for a film 7 X 10-* 
cm. thick at 14 kilovolts. The doited linos (6) and (6) arc curves for a celluloid film 
1 *3 X 10”* cm. thick at 8 and 10 kilovolts. The ordinates for (5) and for (6) are m 
arbitrary units. 

Table IV. — ^Fraction of the ineddent electronn ncattered back from alurninhim 


filniH with more than 180 volts energy. 


light transmission (per cent.) 

30 

29 

23 

15 

5 

0 

Maximum thickness ( X 10”* cm.) . j 

1 6-0 

1 

1 

6 0 ! 

7-2 

9-0 

30 

70 

kv. 







4 

0106 

0113 

0*111 

0-144 

0*169 

0*190 

8 

, 0*0940 

0 0083 

0-114 

0-141 

0-166 

0*194 

12 

0 0795 

0 0888 

0-104 

0-125 

0*147 

om 

16 

0 0681* 

0 0743* 

0-0940 

0-117 

0*137 

0*171 

20 

0*0578 

0 0644 

— 

0-106* 

0-122 

0*148 

24 

0*0450 

0 0634 


0*093 

0*111 

0*134 


* Singly scattering should prevail under these conditions. The predicted scattering for 
sdninns I* 2 and 4 at 20 kilovolts is 0-0032^ 0*00322 and 0-00482. 
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Energy distribution determinations with low retarding potentials indicate 
that relatively few seattered electrons have energies between 40 and 186 
volts. 

TfdnsMission MvAisuremf^tils . — Table \ contains the data for the retarding 
foil. 


Table V. —Fraction of the incident beam transniitted by an aluminium film 

7 X 10"® ctu. thick. 


Energy (kv.) 

1 

4 

6 

j 8 

10 

12 

16 

20 

No retd, pot 

186 V. reUi. pot. 

0 0063 
0*000 

OOfiOO 1 
0 0017 

0-267 

0 0693 

0-453 

om 

0-690 

0-3i9 

0-720 

0-478 

0-770 

0-660 


6 . DiscmHion. 

(a) Celluloid , — The greatest discrepancy from theory of the absolute magni- 
tude of the observed scattering (Table I) is 37 pe^r cent. Owing to the un* 
certainty in n, Z, V, and the error introduced in determining apparatus 
dimensions, the theoretical calculations are good to only 40 per cent. The 
observed values should be good to 10 per cent. Theory and experiment there- 
fore agree within these limits. 

The theoretical estimates are probably too high, because partial volatilisation 
of the film takes place, and also because a straightforward application of the 
theory yields too high results if inelastic scattering is appreciable. This 
follows from the fact that all electrons passing a nucleus within a distance 
are considered as being scattered by more than 6, and the total scattering is 
calculated by comparing the sum of all areas rep#* with the total area under 
consideration. 

The ratios expressing the variation of the scattered intensity with voltage 
should be good to less than 13 per cent. Two points in their behaviour are 
significant : (a) while the intensity ratio for 12 : 8 kilovolts is only 6 per cent, 
too large for the thick film, it is 41 per cent, too large when a thin film is used ; 
(6) the discrepancy of the observed ratio from the theoretical increases with the 
voltage, being about 46 per cent, too large for 16 : 8 kilovolts with a thick film. 

The observed angle distributions are in all cases flatter than the theoretical. 
The closest approach to the Wentzel distribution gives the ratio 120''/150^ 
to be about 10 per cent. low. Observational errors should not account for more 
than a 6 per cent, variation. The curves show systematic variations of two 
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types, {a) a decrease in slope with increasing voltage and (b) a decrease in slope 
at largo angles with decreasing film thickness. 

As previously stated the variations from theory cannot be due to extraneous 
effects such as stray scattering, or X-ray effects. If they were due to electronic 
scattering or radiation, one might expect to find the curves steeper than theory, 
since electrons scattered at large angles should have lost a greater fraction of 
their energy. This is not the case, neither can they be attributed to multiple 
scattering. The curve for the thick film at 8 kilovolts shows a distortion below 
about 110"^ which is due to multiple or plural scattering. This disappears with 
increased voltage and the general form of the curve remains unchanged with 
further increase. It is believed that the highest single scattering angle limit 
for the data is about 120°. The Wentzel criterion value for 12 kilovolts and 
5 X 10""® cm. thickness is 117^, but owing to the uncertainty in the calculations 
this may be as low as 100°. Moreover, the calculated values should be too high 
for reasons similar to those which cause the intensity calculations to be too 
high. The presence of multiple scattering in this experiment would produce 
angle distributions steeper than the theoretical, and a variation with voltage 
mort^ rapid than predicted. The observed behaviour is just the reverse. 

The cliaracter of the results is believed to he due to the presence of secondary 
electrons of at least half the primary energy which are emitted most strongly 
at small angles to the normal to the film surface. On this basis both the varia- 
tion with voltage and with film thickness receive a satisfactory explanation 
as follows. 

The experimental ratios for variation of intensity with voltage for the thick 
film are 1 :0*49 : 0*39 at 8, 12 and 16 kilovolts. The theoretical values are 
1 : 46 : 0^266. If the total number of secondary electrons produced at 12 and 
16 kilovolts does not differ greatly one can estimate from the absorbing charac- 
teristics of the retarding foil what percentage contribution they should make at 
12 kilovolts, if at 16 kilovolts they are 46 per cent, of the total. The result 
is about 6 per cent., which is in accord with the observations. Moreover, the 
decreasing slope of the angle distribution curves with increasing voltage is 
explained, since a greater number of secondary electrons have sufficient energy 
to penetrate the retarding foil and thus impose their distribution on that for 
elastic scattering. 

The variations with film thickness* are accounted for if secondary electrons 
formed deep within a film lose an appreciable fraction of their energy by 

♦ Neher ((oc. cie.) has observed a similar effect with much higher voltages and thicker 
films. 
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multiple scattering and further inelastic collision before escaping* A rough 
calculation shows that the greatest probability of escape without passing 
through an entire K shell is 250 times larger for a secondary elec5t*ron formed 
1 X 10^® cm. from the surface, than for one formed at 5 X 10“* cm* The 
frequen<‘y of inelastic collision must bo comparatively high for these low yolir 
ages* Moreover, the probability of escape without imdergoing a nuclear 
deflection of more than 10®, is about 40 times greater for an electron formed at 
1 X 10“ * cm., than for one formed at 5 X 10 * cm. These values will be 
considerably increased by the fact that the. electrons do not travel in straight 
lines within the film. 

It seems reaaonabh^ to suppose that the number of secondary electrons 
escaping with sufficient energy to enter the measurements is not very much 
gr(3ater for a 5 X 10 * cm. film than for one I X 10 * cm. thick at these low 
voltages. On this basis, a discrepancy from the theory of 41 per cent, for the 
latter would load one to expect one of about 8 per cent, for the former because 
of the increase in elastic scattering. The observed ratio of the intensity 
scattered at 8 kilovolts to that at 12 kilovolts is 1 : 0*66 for the thin, and 
1 :0-49 for the thick film. The theoretical ratio is 1 : 0*46, so that this 
explanation gives results in actcord with the observed facts. This method of 
comparison is permissible, since the number of secondary electrons penetrating 
the retarding foil at 8 kilovolts primary energy must be relatively small. 

In addition, the decrease in slope of the observed curves with decreasing 
film thickness is well explained, since with the thin film the secondary electron 
distribution is imposed relatively about five times as strongly. 

This explanation is sufficient to account for all aspects of the scattering, 
which greatly increases th(i probability of its being the correct one. Since the 
observed distribution curves approach the curve for elastic scattering as 
secondary electrons are eliminated, the true curves cannot difier from the 
predicted curves by more than the least discrepancy noted in this experiment. 
This is less than 10 per cent, for the ratio 120® /1 50®. An experiment carried 
out with much higher retarding potentials should yield accurate curves for 
elastic scattering. 

(6) Alwninvum . — The results for aluminium contain the following significant 
featiires. 

(1) The absolute intensity of aU electrons scattered back from a 
film with energy gn^ater than 186 volts is roughly 18 times greater than 
expected for single elastic scattering. Calculations from the angle dis- 
tribution measurements, of the absolute intensity scattered at 140® with 



The Scattering of Electrons in Thin Films. 175 

more than 3*5 IdlovoltH energy give values about 16 times greater than 
expected, 

(2) The observed variation with voltage of the intensity of all electrons 
scattered back from a film with energy greater than 186 volts, is given by 
p A ™ 0*0029 V, where A is a constant depending on the foil thickness. 
This is true both for regions where Wentzel’s criterion is fulfilled, and for 
those in which midtiple scattering should predominate. The intensity varia- 
tion with voltage for secondary elecitrons of more than 3*5 kilovolts energy, as 
calculated from the angle distribution measur<im(mts, takes pla(?e more rapidly, 
but still considerably more slowly than the theory. 

(3) The angle distribution does not vary in form for those (jonditions under 
which single scattering should exist and for those tinder which multiple scatter- 
ing predominates. 

(4) The variation with voltage of the fraction of the incident electrons 
transmitted by a foil 7 X 10“^ cm. thick is best expressed by the relation 
T = e — AV^, where K and A are constants. 

The results are entirely different from those expcjcted for single scattering. 
As previously stated extraneous effects cannot be the cause. It is believed 
that they are not duo to multiple scatf ering. The alumimum films, however, 
contained regions of un<;qual tliickness. The photographic examination 
described, indicated an upper limit of twice the thicskness as calculated from 
light absorption measureimmts, and this value has been used in all the theo- 
retical calcvdations. In order to a(!Count for multiple scattering at 150° with 
20 kilovolt electrons, the film would have to contain areas 6 X 10“®cm, thick. 
These would be quite opaque, and it is difficult to see how they could have 
escaped detection in a film transmitting 30 per cent, of the incident light. 
Moreover, if the scattering were simply multiple, there should have been a 
<‘hange in the form of the angle distribution curve as single scattering con- 
ditioixs were approached. No appreciable variation was observed. 

The character of the results is believed to be due to the presence of high 
speed secondary electrons. As in the case of celluloid these probably come 
from within small distances from the film surface.* If the great majority come 
from within 7 X 10" * cm. from the surface fora primary energy of 20 kilovolts, 

* The probability that a secondary electron, formed 6 X 10*< cm. below the surface and 
travelling normally to it, should escape without passing through the M and L shells of an 
atom is less than 1 in 10,000. The radius of the L shell was taken from the charge dis- 
tribution calculations of James, Brindley and Wood, ‘ Proc. Roy. Soo.,* A, vol. 125, p. 401 
(1929). 



176 


G. 0, Laugstroth. 


the iutensity of Hingle scattering at 140° for a film 7 X 10*'* cm. thick 
should be about 2*3 times the predicted value. That the discrepancies noted 
by Schonland (loc. ciL) in the region of 40 kilovolts were not so large as this 
may be due to a decrease in the probability of production of secondary electrons 
with increasing voltage. This is to be expected since the time of stay of an 
electron in an atomic field is less and since the energy of the primary electrons 
is farther from the ionization energy (1200 volts). That these electrons do 
exist with primary voltages as high as 128 kilovolts, and that they exhibit 
similar characteristics to those found in this experiment, is known from 
Neher’s work {loc. cii.). 

The fact that the “ excess ” scattering is greater for aluminium than for 
celluloid indicates that the probability of production and escape of high speed 
secondary electrons is much greater for the former. 

A masking effect of the secondary electrons from aluminium probably 
accounts for the difference in the character of the angle distribution curves 
for thick films shown in fig. 4. While the form of the curve for a film 7 x 10~* 
cm. thick did not change from that for the thinnest film of alununium, the 
curve for a celluloid film 1 -34 X 10"* cm. thick showed a decided movement of 
the maximum toward larger angles, as conditions receded from single scattering 
conditions. The aluminium film was equivalent to a celluloid film 2*6 X 10 "* 
cm. thick as estimated by Wentzers criterion, so that multiple scattering 
should have been farther advanced for it. 

(c) It is of interest to examine the results of other experiments to see if the 
presence of high-speed secondary electrons, such as are indicated by this 
experiment, makes itself felt. Klemperer and Neher both found evidence of 
high speed electrons other than those elastically scattered. A group of 
experiments which should show their presence strongly are those on coherent 
scattering, for conditions are favourable for them appreciably to afiect the 
results, i.e., very thin films and comparatively low voltages. 

In this respect Thomson (loc, cU,) has made the following observations. 
(1) The increase in critical voltage (t.c., that at wliich the rings become indis- 
tinguishable from the background) with increased film thickness is surprisingly 
small. (2) The critical voltage seems to be considerably lower for non- 
conducting films than for films of pure metal. (3) There appears to be a lower 
limit at about 10 kilovolts beyond which rings cannot be obtained. They 
appear again at about 300 volts as shown by Rupp’s* work. 


* ‘ Ann. Physik,’ vol. 1, p. 773 (1929). 
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This behaviour may be accounted for in the follovring way, if slow electrons 
are not very effective in producing photographic blackening. 

(1) Two lead films of approximate relative thickness 1 ; 9 had respective 
critical voltages of 15' 5 and 27 kilovolts. If the background is due entirely 
to multiple scattering, one should expect a much higher value for the latter 
voltage (about 45 kilovolts). If, however, there is a considerable proportion 
of high speed secondary electrons in the scattered quantity at 15*5 kilovolts, 
a considerably lower value than 45 is to be expected. This is so since the 
percentage effect of fast secondary electrons will be several times less with 
the thick film, and since the number produced at the higher voltage will be 
somewhat less. 

(2) Tliomson’s lead foils had a limiting critical voltage of about 15*6 kilo* 
volts, but a compound of lead gave rings with voltages as low as 5*8 kilovolts. 
Photographs with metallic oxides have been obtained with very low primary 
voltages* and oelluloid shows rings at least as low as 6*6 kilovolts.f The 
present experiment indicates that the probability of production and escape 
of fast secondary eletitrons is considerably greater for aluminium than for 
celluloid. This fact accounts for the lower critical voltage limit found for 
celluloid and suggests that other cases may be due to the same cause. • 

Finally some curves of White's (loc, cU,) indicate that the variation of the 
intensity of the background with angle is not so marked as might be expected 
if it were due entirely to multiple scattering. This is in accord with the 
presence of high speed secondary electrons. 

In conclusion I wish to express my thanks to Professor 0. W. Richardson 
for helpful criticism, to the engineering department of King's College for the 
loan of apparatus, and to the Royal Commission for the Exhibition of 1851 
whose award made this work possible. 


Summa/ry. 

(1) The angle distribution of electrons scattered between 66^ and 160® 
by oelluloid and aluminium films of various thickness has been determined for 
various primary voltages between 8 and 25 kilovolts. No electrons of less 
than 3*6 kilovolts energy entered the measurements, and single scattering 
conditions were fulfilled for the thinnest films. 

* Ponte, ‘ C. B. Aoad. Soi, Paris/ voL 188, p. 244 (1929) ; ^ Ann. Physique/ voi. 13, 
p. 305(1980). 

t Jones, ‘ PhU. Mag./ vol. 12, p. 641 (1931). 
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(2) Thft total mimber of electronB scattered back from various tbickiiesHCS 
of aliminiuui film with more than 186 volts energy was determined for primary 
voltages of from 8 to 24 kilovolts. 

(3) The fraction of the incident electrons transmittt^d by a thick aluminium 
foil (7 X 10^^ cm.) was determined for primary voltages of from 4 to 20 kilo- 
volts. 

(4) The results show systematic variations from the prc^dicted reeults for 
plastic scattering. 

(5) The variations an* b<di(!ved to be due to the presence of a considerable 
number of high speed secondary’' electrons. These nuist possess at least 
half the primary energy, and must come for the most; part from within snmll 
distances from the film surface. Their effect in experiments with thicker 
foils and higher voltages should b<^ comparatively small. 

(6) The probability of production and escape of fast secondary electrons is 
believed to be considerably siiialler for celluloid than for nluminium, at these 
voltages. 

(7) The prtisence of sec^ondary eh^ctrons of tlie cluiracteristies indieat^^d by 
these experiments is sufficient to explain the anomalous intensity relations 
observed in electron diffraction experiments with thin films. 

(8) The departun* from the Wentzel law for single elastic scattering under 
these fionditions is not more than 10 per cent, at intervals of 20°. There is 
reason to believe that it is much less than this. 



The Relation between Mean Atomic Volume and^ Composition in 
Copper-Zinc Alhys. 

By Professor E. A. OwKn, M.A.» D.Sc., and Llkwelyn Pickup, M,8c»(Iiond.), 
Ph.D,(Wale»), University (Jollege of North Wales, Bangor. 

(Communicated by Sir William Bragg, O.M., F. 11. S - Received October 11, 1932.) 

A great deal of work has been doiit? by X-ra v methods on the relation between 
atomic volume and (‘.omposition in alloy syst(‘ms, hut a large portion of the 
data so far recorded has not been determined wit h the high precision attainable 
by present methods of analysis. This paper contains the results of precision 
measurements on (^opper-zinc alloys (covering the whole range of composition 
from one end of the equilibrium diagram to the other. 

Previous work in this field covers fiev('ral binary systems. Vegard and his 
co-workers examined the alkali halides,* the copper-nickel and other alloys,')* 
and found that generally the lattice dimensions change linearly with the {com- 
position. The gold-copper system did not follow^ this rule ; this was confirmed 
lat<*r by van Arkel and Basart,;); who deduced from their observations that the 
fifth exponent of the atomics *' diameter ’’ was more suitable tlian the first 
as an additive quantity. Westgren and his collaboratorsg also measured the 
lattice dimensions of a numbe^r of binary alloy systems. They found that a 
marked (jontraction takes place in all cases where chemi(!ally unrelated metals 
are alloyed with each other, the contraction b(ung too pronounced to make the 
linear dimensions additive. In a paper on the silvcu-cadmium alloy systems, 
by Astrand and Westgren,|| the change in atomic volume with composition is 
ti^aced through all the pure phases a, p, y? £ and of that system. The dis- 
continuities between thi^ phas{^a are but slightly marked ; tliis is taken to 
indicate that in this system the atoms occupy approximately the samts space, 
whatever their grouping may be. Owen and Preston,^ in a study of the 
copp<^r-zinc system, tentatively took a smooth curve through the determined 

♦ Vegard and Schjeldorup, ‘ Phys. Z.,’ vol. 18, p. 1 (1917). 

t Vegard, ‘JSkr. VidenskSelsk. Christ.,’ vol. 14 (1927); Veganl and H. Daks 
‘ 2. Krktallog.,* vol. 67, p. 148 (1928). 

X * 2. KristaUog.; vol. 68, p. 476 (1928). 

i Weetgren and Phragmen, ‘ Trans. Faraday So(^,’ voi. 26, p. 379 (1929). 

!t ‘ 2. anorg. Chem./ vol. 175, p. 90 (1928). 

* Proo. Phys. Hoc. Lond.; vol. 30, p. 49 (1923). 
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atomic volumes for various fiompositions. They found a marked contraction 
in atomic volume. 

Experimental Procedure. 

The experimental technique was the same as that adopted in the determina- 
tion of phase boundaries in the copper-zinc equilibrium diagram.* The X-ray 
photographs were taken by the aid of precision cameras, with which lattice 
parameters could be determined to an accuracy of at least 1 in 4000. Since 
the reflection lines in the photographs could be readily identified, the atomic 
volumes of both phases in the mixed regions, in addition to those in the pure 
regions, could be separately determined and accurately studied. 

The alloys were subjected to pmlonged heat treatments at suitabhi tempera- 
tures in lump form to produ(5e homogeneity, and before moimting on the 
precision camera, each specimen was further annealed in the form of filings 
to remove the effect of cold work. Previous investigation had shown that it 
was only by paying close attention to the heat treatment that reliable results 
could be obtained. The filings used for each photograph were analysed after 
the photograph was taken. It was considered more satisfactory to adopt 
this procedure than to conduct the analysis on a portion of the specimen which 
Ixad not actually been used to produce the photograph. 

Sinct! much work had already been done on filings annealed at 500° C., it 
was decided to keep to this temperature as far as possible. Below about 
30 per cent, copper, annealing was carried out at 380° C., since the alloys 
became partially liquid slightly above this temperature. The specimens were 
annealed in evacuated thin-walled tubes of ordinary glass or pyrex, and all 
samples were rapidly air-cooled from the annealing temperature, since it had 
been found in a separate investigation that the quenching operation into iced- 
water, which entailed more time and labour, gave, within experimental error 
the same parameter values. 

Unless otherwise stated, the X-ray tube was fitted with a copper target. 

General Survey of the Different Phases. 

In Tables I to V are set out the parameters, mean atomic volumes and 
compositions of the alloys examined in the various phases. The a-phaaa has 
a face-centred cubic structure, the (i-phase a body-centred cubic structure, 
and the y-phase a body-centred cubic structure containing 52 atoms in the 
unit cube. The e- and t) - phases have close-packed hexagonal structures. 

♦ Owen and Pickup, ‘ Proc. Roy. Soc.,* A, vol, 137, p. 307 (1932), 
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Table I. 


a-phase ; annoaling temperatuie 500® C. 


Oopper I 

By weight. 

>er cent. 

Atomic. 

1‘aramoter 

A. 

Mean atomio volume 

X 10“ cm.* 

100 

100 

3'607> 

11-741 

90*6 

90 0 

3-627, 

11-036 


890 

3-629, 

11*949 

76-8 

77-8 

3-657, 

12*233 

74*8 

75»4 

3-662, 

12*286 

70-3 

70-9 

3-673, 

12-390 

67-3 

67-9 

3-679, 

12-466 

627 

634 

3-692, 

12*501 

61-7 

623 

3-603, 

12*601 

50‘6 

60-2 

3 -6068 

12*625 

58 1 

58-8 

3-696, 

12*614 

57-6 

58-3 

3-605, 

12-617 


Table II. 


P-pbase ; annealed at 500® C. 


Copper per cent. 

By weight. j Au»mic. 

Parameter 

A. 

Mean atomic volume 

V 10“ cm.^ 

59-8 

60*5 

2-042, 

12*748 

66-1 

58*8 

2-042, 

12*740 

67-6 

68-3 

2-942, 

12*748 

62*9 

63*6 1 

2*045, 

12-779 

49*4 

60*1 

2-940, 

12-824 

43*4 

44-1 

2-040, 

12-826 

42-2 

42-9 

1 

2-040, 

12-824 


Table UI. 


Y'pbase ; annealed at 500“ C. 


Copper per cent. 

By weight. j Atomic. 

Parameter 

A. 

Mean atomic volume 

X 10“ cm.». 

42-2 

42-0 

8*810, 

13*192 

41*2 

41*8 

8*828, 

13*231 

39-6 

40-3 

8*837, 

13-274 

35*5 

36*2 

8-856, 

13*353 

3M 

31*7 

8*874, 

13*440 
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Table III. — (continued), 
y-pbasc ; annealed at 380° C. 


Copper cent. 

Parameter 
! A. 

1 

I 

Mean atomic volonie 

X 

By weight. 

Atomic. 

4f>*3 


I 

1 8-829tt 

I3-230 

41-4 

421 

8*830, 

13-243 

38*7 

39*4 

! 8*837s 

13-273 

35-8 

3(i-0 j 

8*864, 

13-348 

30*4 

31-0 

8*874* 

13-441 

24 a 

25- 1 1 

8*873, 

1 

13-437 


Table IV. 

£- phase : annealed at 380° C. 


Copper per cent. j 

I^arameterH. 

Mean aUimit? volume 
X 10“* em *. 

By weight. | 

1 Atomie. j 

a ji) A. i 


23 -f> 

240 

1 2-730, 

1 *679 

13*835 

20*2 

20*7 

! 2*7323 1 

I -668, 

13*864 

ie -8 i 

17-2 

2*746* i 

I* 561 

13*904 

13-2 

13*5 

2 *7690 ! 

l*564j 

14*137 

11-7 

12*0 

2*760, 

1*554 

14*166 

»0 

9*2 

i 

2*760., 

1*664 

i 

14*165 


Table V. 


T]-pha8<^ ; annealed at C. 

Copptu* per cent. 

Parameters. 1 






Moan atomic volume 





By weight, j 

1 

Attimic. 

j tfiuA. 

r. 

X 10“ om.*. 

4.2 ’ 

4*30 

1 2-073, ! 

1*804 

14-032 

1*8 

1*86 

i 2*668* , 

1*817, 

14-066 

1*0 

1*02 

I 2-664* ' 

1*836 

16-041 

0 

0 

2-669i 

1*856 

15-108 


These results are shown graphically in fig. 1. The boandaries of the p-phaae 
at 6(K)° C. are taken from our previous paper. The atomic volume of each 
phase in a mixed region remains constant in this series of aUoys, but the constant 
atomic volume of one phase depends on the other phase with it. For example, 
the atomic volume of the ^-phase is smaller in the presence of the a-phase 
than it is in the presence of the y-phase. Similar changes in the constant 
atomic volumes of y-, c-, and rj-phases are noted after annealing at 380° C. 
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The fall in atomic volume iu tlie y-phase alloys anueah'-d at 500" C. persists 
beyond 40 atomic per eeut. < copper and is (jonsisttmt with the position of the 
(pi +T) — (y) boundary already recorded. At 380" C., the phase boundary 
assumes approximately the value given to it in the accept-(‘d equilibrium diagram 
of the system. 

From the slopes of the nearly-lincar (uirves of fig. 1 the change in the mean 
atomic volume which takes place in the pure regions when a ijinc atom replaces 
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a copper atom can be approximately calculated. The figures obtained are 
given in Table VI. 

Table VI. 


Phafw^. 


InoreaBe in moan atomic volume 
when a zinc atom replaces a 
copper atom. 


0 -022 X 10 *-** cm.^ 


P 

Y 
€ 

V 


0 025 
0*022 
0*043 
0*070 
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The increase in mean atomic volume produced by the substitution of a zinc 
atom for a coppc^r atom is nearly the same in each of the phases a, p and y. 
The zinc atom, therefore, occupies approximately the same volume in these 
three phases. The increase in the a-, (3- or y-phase is about half that in the 
£-phase, and about a third that in the -yj-phase. Hence assuming a spherical 
copper atom and a ‘‘ non-spheri(!al ” zinc atom, the latter occupies different 
volumes acicording to the phase in which it is found, and this app<?ar 8 only 
possible by a change of orientation in packing. 

The next point considered was whether information regarding the relation 
l>e‘tween the diflertmt phases could be obtained from th(i mean distances 
between the atoms when new phases appeared. Accordingly, the mean distance 
of the closest- approach of atoms was calculated for the minimum lattice of 
eat^h phase. It was found that in pure copper and in the minimum lattice 
of the p-phase, the closest distance of approach was 2*55 A. The same value 
was obtained from the minimum lattice of the y-phase if it were assuinod that 
seven atoms arrange themselves along the diagonal of the cube. When the 
distanc(^ of closest approach was calculated for the two hexagonal lattices 
(e and 73 ), it was found that in the e^phaso the values ranged from 2*661 to 
2*672 A. and in the vj-phase from 2*863 to 2*906 A. These figures do not 
appear to bear any relation to the values calculated for the a-, p* and y-phases. 
From ihe examination of other alloy series? forming similar phase fields to those 
appearing in th(‘ copper-zintj scries, it was concluded that the identity of the value 
of the distance of the nearest approach of atoms in pure copper, the minimiun 
lattice of the p-phase and the minimum lattice of the y-phase was only character- 
istic of the copper-zinc alloys and was not found in the other series examined. 

From the curves in fig. 1 showing the relation between mean atomic volume 
and composition, the values given in Table VII are obtained for the phase 
boundaries. 

Table VIL 


1 

PhaBD boundary. 

1 

Temperaturt\ 

Compoeition in per cent, copper. 

Atomic. 

By weight. 

ia) ™ {a f 

p ^ 

500 

1 

02*2 

61 *5 

(a f p) - (jj)- 

600 

55-3 

54*6 

(|9)-(/5 + y)* 

500 

51-4 

60*7 

(^ + y) — (y) 

380 

40*6 

30*8 

(y) — (y+t) 

380 

32*3 

31*7 

<y + *) - (<) 

380 1 

21*6 

21*0 

<») — <* + 1 ?) 

380 1 

13*0 

12*7 

4- 

1 

380 ' 

2*0 

1*9 


The valuer of thetie bouzKlanett wtjre obtained from pT^^viooui work. 
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Detailed Analysis of the. g- and ri-Phase^. 

Th(^ photographs of the hexagonal phases revealed some interesting features 
which called for further investigation. To derive the two parameters of the 
hexagonal lattice — the base side a and the axial ratio c, the fallowing formula 
was employed : — 



wliere s is the measmed arc bf^tween corresponding lines in the photographs, 
r the radius of the camera, and h, h and I the Miller indices for the reflecting 
planes. Reflections from at least two sets of planes, with different Miller 
indices, are reqixired to determine the two parameters. But if the planes 
giving reflection lines have indices of the form (hko), the value of a can be 
determined from only one set of reflecting planes, since then disappears 
from the formula. 

The camera used in the investigation was circular over its whole range to 
a high degree of accuracy, since the parameters, calculatcHl from reflection lines 
situated at different points along the film, agree closely, as will be seen from 
Table VIII where 0 denot(»s the Bragg glancing angle and X the wave-lengths 
characteristic of copper radiation of the K series. Th<* values for the copper 

Table VIII.— Copper-zinc alloy containing 38-7 per cent, copper by weight, 
in the pure yphase region. Filings annealed at 500^' C. for 10 minutes 
and air-cooled. Face-centred cubic structure (containing 52 atoms per 


unit cell. 

Reflecting planes. 

A. 

ft. 

2 

Parameter (A.), 

(871) 

a, 

21 50 

8^841, 

«2 

21 27 

8'840o 

(861) 

"J 

ID 8 

B'Sas. 

««2 

18 45 

8-840. 

(U>-42) 


17 41 

8-8383 


17 U 

8*838, 

(IMO) 

Ol 

10 8 

8-838, 

ttft 

15 40 

8-840, 

(n-21) 

tt, 

12 33 

8-839, 

0{( 

11 52 

8-838, 

(880) 

a, 

10 14 

8-837, 

Oij 

0 20 

8-837, 

(ll-dO) 

i 

1 

V 

«2 

7 20 

0 17 

8-838, 

8-839, 


Muan value A. 
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wave-lengtlis w»*re taken from the International Critical Tabl(*K ; ^ 1 • 53739; 

aj, ^ l*f)412(); p I 38927 A. 

In order to dctoruiine tln^ indices of the reflecting planes for hexagonal 
struct ures, the approximate values of a and c obtained from ordinary powder 
X-ray spectra were t;aken t ogether with the values for G obtained by measuring 
the arc betwefjn corresponding reflection lines in the photographs taken with 
the precision camera. Assuming this camera to be circular, a value for c is 
sought such that the values for a, calculated from the values of 0 for all the 
lines rec orded, agree with one another as closely as possible. The determination 
of the parameters of tiie y)- phase alloys is an example of this method of 
procedure. Two are n^corded here, namely, pure zinc, and an alloy con- 
taining I ‘8 per cent. copjK^r by weight. It was found necessary to use a cobalt 
target for this work, since a chopper target only gave one measurable, doublet of 
a large arc. The reflectioas obtained with the cobalt target are given in 
Table IX. 


Table IX. 


(1) Pure zinc ; filings annealed at 410'' C. for 6 hours. 


1 

1 

lleflectiiig plaiiOH, 

A. 

i 

1 

t; 

^ Value of a when c i-' 1 ‘SM. 




A. 

2l3l 

fi 

1 m 22 

2-658, 

2023 


18 53 

2*669, 


1 

18 31 

2*660, 

lOlS 


1 10 1« 

2*658, 

1124 

a. 

1 H *23 

2-668, 


Mt'an value of a ^ A. 


(2) Ou-Zn alloy containing approximately 1-8 per cent, copper by weight; 
filings annealc^d at 380° C, for 12 hours. 


ileflecting planen. 

1 

X. 1 

1 

n 

2 

9. 

Value of a when c 

1-8170 

2131 


« 

19 

' 

51 

A. 

2*669, 


2023 

tt, 

18 

20 

2 609, 


1124 

! 

<H 

17 

6 

57 

1 

2*668, 

2-060, 



a, 

1 

4 

22 

2*66^ 



Mean value of a « 2*d6d| A, 



Atomic Volume and Composition in Gopper-Zim Alloys, 187 

There is close agreement between the values calculated for zinc and for the 
1*8 per cent, alloy. The mean value in each case is correct to well within 1 
in 4000. 

According to previously published results* the e-phase of tlie copper-zinc 
alloys lias a close-packed hexagonal Jattice, with a ^ 2-718 A. and axial ratio 
e ~ 1-6 approximately. Taking these approximate values, it was found that 
the three doublets registcu'tjd on the film by this p}ias(‘ with cop[)er radiation 
were reflections from the plaiuis (HOSO), (2024) and (lOlf)). The values of the 
piiranuders a and c were calculated as follows. Since the planes (3030) are of 
the form {hko) and gav(» a small arc. an accurate^ value of a was calculated 
<lirectly. This valu<* of a was sub8titut(*d in equation (1) and ascertaining 
from the photograph the valut- of the arc («) corresponding to the reflection 
I i ues of the plaints ( I Olo), a value for c was found . Using this value of c, together 
w'ith the reflections from the third doublet (2024), a second value of a was 
calculated. JbYom each photograph, both values of a obtained in this manner 
were almost identical. Table X contains the results obtained with an alloy 
containing 23-5 per cent, copper by weight and is (uted as an example of the 
agr<^ement found Iwitween the two values of «. 


Table X. — Copper-zinc alloy containing 23-5 per cent, (hi. filings annealed at 

300 ' C. for 12 hours. 


Reflecting 

planer. 

A. 

1 2 

Rtirainett'fH. j 

lU-marks, 

' i 

1 

2*730, 

2 * 7.303 

f\ 

3030 

**1 

12 47 

12 fl 

( 'akiuUteci directly since 1 0. 

10l6 

a, 

17 30 

17 2 


l-570„ 
ir,70, 1 

Calculated using a from (30BO). 

2024 

i Ot 

14 30 

13 1^3 

2-730, 

2*730, 

Calculated using r frr>m (lOlfl). 


Mean values : a 2 *730,; r l *570,j. 


By the above procedure accurate? data were obtained for alloj^ in the and 
7 )-phases. These data not only enabled the relation bt^tween mean atomic 
volume and composition to be established, but also the relation l)etween the 

• See Elam, ‘ J. Inst. Met.,’ vol. 41, p. I (1929). 
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base side a and the axial ratio e, or the relation between the hei^t on and the 
base side a of the elementary hexagonal prisms in alloys of difierent com* 
positions. Tables XI and XII give details of the various quantities con- 
cerned in these relations for the two phases. 



Tabh* XI.- 

-c-phase. 


OompoBition, atomic; 
per cent. Cu. 

Base side 
a. 

Axial ratio 

Height 

ac. 

24*0 

2-730, 

1*670 

4*286, 

20*7 ! 

2*7323 ! 

l>56a» 

4'286« 

17-2 

2*745, , 

1*561 

4*2S6» 

13*5 

2 *7590 

l*664ft 

4*288, 

12*0 

2*760, j 

1*664 

4*289, 

9*2 

2*7603 1 

1*564 

i 

4*289, 


Table XII. ““ 7 }-pha 8 e. 


(>>mpOBition, atomic 
fwr cent. On. 

Base side 

1 

Axial ratio 
<^> 

Height 

oc. 

4*3 

2*673, 

1*804 

4*823, 

1*85 

2*669, 

1*817, 

4*862, 

1*02 

2*664, 

1*836 

4*892, 

00 

2-069, 

2*866 

4*934, 


The graphs, figs. 2 and 3, show the relations between base side and com- 
position, and between axial ratio and composition. Fig, 2 shows that the base 
side a varies linearly with composition, but whereas in the e-phase, the base 
side increases, in the Tj-phase it decreases with decreasing copper content. 
On the other hand, the axial ratio, fig. 3, decreases in the e-phase and increases 
in the Y]-phase with decreasing copper content, the reverse effect to that found 
with the base side. The change in the dimensions of the elementary cell in 
the £-phase alloys is almost entirely due to the change which takes place in the 
base side, the height remaining practically constant over the whole range. 
In the TQ-phase alloys, on the other hand, the height changes far more rapidly 
than the base side, the height increasing as the base side decreases. 

To account for these experimental results, it must be assumed that the 
orientation of the zinc atoms in the one phase is different from that in the other 
—a conclusion already arrived at by studying the mean atomic volume of 
these two phases. 



Axial Ratio fcj 3ase stde (aj 
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In the mixed regions both a and o remain constant throughout the range of 
composition. It is therefore possible from these graphs to derive the boundary 
limits of the c- and Tj-phases. The boundaries so obtained are those at 380° C. 



PS 20 15 JO 5 4 2 I O 

Atomic por cent Copper AtomCc pec cent Copper 


Fig. 3. 

in the equilibrium diagram, since filings of all these allo 5 nfl were annealed at 
that temperature. Reading the boundaries off the graphs, the results, given 
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in Table XllI, are obtained, which are in close agreement with those deduced 
from the atomic volume-composition curves. 


Table XIIL Bmindaries of phases at 380^^ C. in atomic per cent, copper. 


Boiindarv. 

From fig. 2. 

Krom fig. 3. 

Moan. 

I.C.T. 

{y -f f) - (<) 

21 A 

2ir> 

21*4 

18-2 

(«) - (€ -f 7)) 

1 lS-0 

13-4 

13*2 

12*2 

(f 4^ Tj) (i;) 

2*85 

i ^ 1 

1 2‘5 

1 _ ^ J 

2*7 

1 

15 


In the last ( oliimn (I.C.T.), the approximate readings of the boundaries 
read from the copper- zinc diagram in the International Critical Tabhvs an* 
given for a temperature of 380^' C. 

Although the agreement for each boundary in the second and third columns 
relating to a and c respectively is fairly close, the agreement between the mean 
values of these and the last column (I.C.T.) is not very satisfactory. These 
differences, probably, are partly owing to inaccurate chemical analysis of the 
alloys — such small percentages of copper require eIal)oratc methods for their 
determination- and partly to inaccuracy in the I.C.T. diagram. From a 
consideration of the curves in figs. 2 and 3, it is thought tliat any error in the 
determination of the copper content of the alloys is small enough to conclude 
that the boundaries determined by the X-ray method are a close approximation 
to the true values. 

We wish to express our indebtedness and thanks to the Royal Society for 
a grant which enabled us to carry out the work. 

Summary. 

(1) In the tropper-zinc series the mean atomic volume of both phases present 
in mixed regions remains constant. 

(2) There is approximately a linear increase of mean atomic volume with 
increasing atomic per cent, composition in all the pure phases. The rate of 
increase is practically the same for the a-, fi- and y- phases, but that of the «- 
and vj-phases is greater, the rate of increase of mean atomic volume being 
greater for the v)- than for the e-phase. 

(3) The change in atomic volume when one copper atom is replaced by one 
zinc atom may be explained on the assumption that the zinc atom is not 
“ spherical ” and that it packs differently in the various phases. 
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(4) The analjraiH does not reveal any relation bt^tween the distance of closest 
approach of atoms from phase to phase. 

(6) The ( fi + y) — (y) boundary is not at the same composition for all 
temperatures, as is given in the (‘quilibriiim diagram repn)duced in the Inter- 
national Critical Tables. Tliis (Corroborates the results on this phase boundary 
previously recorded. 

(6) A detailed study of the c- and yj-phases of the ooppcr-zinc series shows 
that the base side of the hexagonal unit varies linearly with composition, but 
whereas in tlie e-pliasi' tht* bas(' side imjreases, in the */) -phase it decreases with 
decreasing ('opper content. The axial ratio, on the other hand, decreases in 
the c-phase and increases in tlu^ '/]-phasc as the copper content decreases. In 
th(i mixed regions both the 1 )h^(‘ side and the axial ratio nmiain constant , 

(7) The positions of the p}ms(‘ l>oundari(‘s at the t(‘mperatures at which the 
alloys were amu^ah'd are derived from these results, 

(8) Pun^ /Anc. is found to liave the following paramet(*r values at ordinary 
room t('mperature :- it 2 (1591 A. ; c r- ] *856. 


Variation of Mean Atomic Volume urith Temperature in Copper-Zinc 
Alloys, with Observations on the ^-Transformation. 

By Professor E. A. Owkn, M.A., D.8c., and Llewelyn Piokup, M.Sc.(London), 
Ph,D.(Wales), University College of North Wales, Bangor. 

(Communicated by Sir William Bragg, O.M., F.R.S. Bc(*eivod November 3, 1932.) 

It has been shown in previous jjapers* how X-ray analysis may be applied 
to determine phase boundaries in equilibrium diagrams. In the present paper 
an account is given of the application of the same experimental technique to 
study the change in mean atomic volume with temperature in certain alloys 
of the copper-zinc system. In the first part of the paper an account is given 
of the experimental determination of the change in mean atomic volume in 
alloys quenched from different temperatures ; in the second part the p-trans- 
formation is discussed. 

* Ow€*i and Pickup, ^Froc. Roy. Soc.,* A, vol. 137, p. 397 (1932); vol. 139, p. 520 
(1933). 
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I. Vanation of Mean Atomic Volume with Temperature. 

A desfjription of the general method of procedure will be found in the papers 
referred to above. 

In a preliminary investigation of the variation of mean atomic volume with 
temperature, an alloy was chosen from the (P + y) region of the copper-zinc 
system, which after being thoroughly lump-annealed, contained 42-7 per 
cent, copper by weight. Filings taken from it were annealed at temperatures 
ranging from SSO"" C. to 800° C., and were cither rapidly air-cooled or quenched 
in iced water. The results obtained by X-ray analysis of this alloy are set 
out in Table I. 


Table L 



/3-phaHe. 


y*phafte. 



CtUoulated mean 


(Calculated mean 

Temperature. 

Parameter. 

atomic volume 

Parameter. 

atomic volume 


X 10»*. 


X 10**. 

(*. 

A. 

cm.* 

A, 

(Jin,* 

3i5() 

2-950, 

12-84, 

8-834* 

13-20, 

.380 

2-949, 

12-83, 

8-829, 

13-23, 

410 

2-949, 

12-82, 

8-823, 

13-21, 

450 

2-949, 

i 12-824 

8-820, 

13-19, 

500 

2-949, 

12-824 

8-819, 

i 13-194 

HOO 

2-048, 

12-82, 

8-820, 

1 13-19, 

050 

2-949, 

12-82, 

8-821, 

I 13-20, 

710 

2-949t 

12-83, 

8-824, 

13-21, 

800 

2-950, 

12-83, 

8-830, 

13-24, 


In fig, 5, the mean atomic volumes are plotted against the temperature for 
both phases. Loss of zinc was reduced by giving the minimum annealing 
time at each temperature to produce good reflection lines and to establish 
equilibrium. Loss of zinc within the range of the (P+y) would, 

however, produce no change in the parameters of the lattices at a fijced tempera- 
ture. All photographs showed reflection lines from the and y^phases, and 
therefore the composition of all the samples must have been in the (p 4- y) 
region. 

A marked feature of the y-phose curve, fig. 5, is the definite change in its 
slope at about 600° C., while a similar but smaller change is shown in the p- 
phase curve. As the temperature at which these changes occur is almost 
identical with that assigned to the so-called p — p' transformation^ it was 
decided to study in more detail the change of mean atomic volume with 
temperature in other alloys. 



193 


Mean Atomic Volume mth Temperature. 

Alloys were chosen such that the a-, p- and y-phases could be studied as single 
phases and as mixtures. These alloys and the phase or phases they represented 
are shown in Table II. All these alloys had received a prolonged lump- 
annealing heat trc^at ment (500 hours at about 500® C.)* 


Table II, 


Alloy BiJirUiMl. 

1 

[ Phane or phaBCN 

I present . 

\ 

Alloy marked. 

Phano or phases 
present. 

073 Z 

1 

a 

453 Z 

^ f y 

589 Z 

ft * ^ 

432 Z 

l3 -f~ y 

561 Z 


114 Z 

y 

523 Z 

fi 

3K7 Z 

y 


Kilings from all these samples were annealed at different temperatures ; 
only those annealed at 6(K)® C. and above were quenched in water, as it had 
been found that there was no measurable difference in the parameters whoth(*r 
the filings were air-cooled* or water-quenched below this temperature. The 
actual sample worked upon weighed about 0 • 3 to 0 • 4 gm. and was enclosed in an 
evacuated glass (or silica for 600° C. and above) container. The moan atomic 
volumes given in Tables III to IX were cahmlatod from the parameter 
values by using the following formulae : (1) for the face-centred cubic a-phase, 
a®/4 ; (2) for the body-centred cubic p-phase, u*/2 ; (3) for the body-centred 
cubic Y‘phase, a*/52 ; where a is the parameter value. 


Table III.— Alloy marked, 673 Z. Composition in the a-region. 


Tempera- 

ture. 

1 Pararnotm-. 

(Jaloulatod mean 
atomic volume 

X UPA 

Tfonpora- 

ture. 

1 

Parameter. 

1 

GaJoulatod mean 
atomic volomo 

X 10«. 


A. 

ton.** 

C. 

A. 

cm.* 

800 

3 -6791 

12*45„ 

450 

3*681, 

12*47, 

600 

3-680 

12 -46^ 

400 

3-681o 

12*468 

500 

3*6797 

12*46, 

, 

350 

3-6804 

12-46, 


♦ The glass tubes containing the filings were thin- walled (0*5 nun. thick), about 2 cm. 
long and 0*5 cm. diameter, and therefore cooled rapidly in air when removed from the 
furnace. 


von. OXL,— A. 


O 



194 


E. A. Owen and L. Pickup. 


Table IV. — ^Alloy marked 689 Z. Composition in the (a + P) region bidow 

about 700° C. 


a*pUa8<\ 

^-phaHO. 



Calculated mean 


Calculated moan 

Temjieratui'o. j 

1 

Pnramotor. ^ 

atemio volume 

Parameter. 

atomic volume 


X 10**. 


X 10“. 

"0. 

A. 

cm.^ 

A. 

cm.* 

800 



2-934, 

12-63, 

700 

3- 690 ft 

12-5Ge 

2 *9361 

12-66, 

660 

3'691s» 

12-67, 

2-938, 

12-68, 

600 

3-«94, 

12 60ft 

2-941, 

12-72, 

550 

.3-694, 

12-60, 

2 -942., 

12-73, 

500 

.3 -(JOS, 

12 -62, 

2 -9430 

12-74, 

460 j 

.3-696, 

12-62, 

2-943, 

12-76, 

400 

;t-69r.. 

12 61, 

2- 944ft 

12 -76, 

350 

3-694.^ 

12-604 

2-944, 

12-77, 


Table V.— Alloy marked 661 Z. 
Composition in the (a + P) 


region below 600° C. 


'rempora- 

ture. 

)3-pha»c 

parameter. 

( ’alculate<l mean 
atomic volume 

X 10“. 

‘*0. 

A. 

cm.* 

300 

2-939, 

12 -69, 

700 

2-939, 

12-09, 

660 

2-939, 

12-69, 

600 

2-939, 

12-70, 

600 

2-942, ! 

l2-74t 

400 

2-943, 

12-76, 

360 

2-«44ft i 

12-76, 


Table VI.— Alloy marked 623 Z. 
Composition in the ^-region. 


Temp<^ra* 

ture. 

)3<phaHe 

parameter. 

Calculated mean 
atomic volume 

X 10«. 


A. 

cm.* 

800 

2-9464 

12-78, 

700 

2-946, 

12-79, 

600 

2-946, 

12-78, 

600 

2-946, 

12-78, 

460 

2-946, 

12-79, 

400 

2-946, 

12 -791 

350 

2-9464 

12-79, 


Table VII. — ^AUoy marked 463 Z. Composition in the (P + Y) 


^-phaao. 

y-phaae. 



Calculated mean 


Calculated moan 

Temperature, 

Parameter. 

atomic volume 

Parameter. 

atomic volume 



X io«. 


X 10“. 

"C. 

A, 

cm,* 

A. 

cm.* 

700 

2-949, 

12-83, 

8-824, 

13-21, 

600 

2 '940, 

12*82, 

8*819, 

12* 19, 

600 

2 '949, 

12-82, 

8*819, 

13*194 

460 

2 '940, 

12*83, 

8*819, 

13*194 

400 

2-980, : 

12*83, 

8*8234 

13*21, 

360 

2-951, 

12*85, 

8*828, 

13*23j 



Mean Atomic Volume with Temperature. 

Table VIII. — Alloy marked 414 Z. Composition in the y-region* 
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Terapc^ra- 

ture. 

j Parameter. 

( 'aU5iilak>d mean 
atomic volume 

X lO-**. 

'I’empt' ra- 
t-urn. 

Parameter. 

Caloulatod mean 
atomic volume 

X 10«. 

'C. 

A. 

1 in.* 


A. 

1 

cm.* 

800 

S-830« 

13‘24^ 

460 

8-829, 

13-23, 

700 i 

8-831i 

13-24, 

400 

8-8297 

13-23, 

600 

8 8310 

*3-24, 

380 

8-830, 

13-24, 

500 

8-820^ 

13-237 

36C 

8-832, 

13-26, 


Table IX. -Alloy marked 387 Z. Composition in the y-rogion. 


‘ora fx' ra- 
te rr. 

Parameter. 

' Calculated mean 
atomii! volume 

Temp<>ra- 

tui-e. 

Parameter. 

Calculated moan 
atomic volume 

X 10«. 


A. 

cm.* 

1 

A. 

cm.* 

800 

8-838, 

13-27, 

450 

8-840, 

13-28, 

600 

8-839, 

13.28„ 

400 

8-8403 

13-28, 

600 

8-838, 

1 13-277 

1 

350 

1 

8-840, 

1 i 

13-28, 


The parameter valutas in Table III show erratic variations between 3 *6791 
and 3*6815 A., which are greater than the experimental error. Chemical 
analysis showed that these variations could be attributed to variations of 
composition. The actual values of the mean atomic volumes after correction 
for change in composition are shown by the crosses in fig. 1. These indicate 
that the mean atomic volume does not change appreciably with temperature. 
The parameter was therefore taken to be constant in the pure a-region 
throughout the temperature range ; it is constant also in the p- and 
y-phases. 

The mean atomic volume of the a-phase in alloy 589 Z ^hen plotted against 
temperature, fig. 2, shows a marked change over the temperature range, 
Udike alloy 673 Z, this alloy is in the (a + P) region. Provided the tempera- 
ture be constant, the parameter of the a-phase is independent of the com- 
position in the (a + p) region, since the phase is then saturated. The marked 
diminution of the mean atomic volume at the higher temperatures could arise 
from the composition moving from the mixed (a + P) region into the pure 
a-region, if enough zints volatilized. It was therefore necessary to ascertain 
whether all the samples of this alloy after annealing remained in the (a -f p) 
region, since variations of composition within this region would not affect 
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the value of the parameter, or mean atomio volume. The results of ohemical 
analysis carried out on the samples photographed are given in Table X. 


Table X. 


AnnoaUng 
tempo ratutx^ 
of sample. 

< ^om|) 08 ition (wm* 
oont. copper by 
chemical analysis). 

1 

Annealing 
temperature 
of sample. 

Composition (per 
cent, copper by 
chemical analysis). 



"C. 


im 

60-0 ! 

600 

69-6 

650 ! 

69*9 1 

i60 

59*2 

600 

59-2 

400 

69-4 

650 

69-5 

360 

59 -S 


The.se compositions show little variation, and all arc in the (a -f (i) region. 
The relation representing the mean atomic volume of the a-phase in this alloy 
with different temperatures, fig. 2, cannot therefore be accounted for by 
assuming that the composition moves out of the (a + j3) region. In view of 
the small changes in compositions after annealing revealed by chemical 
analysis of alloys 673 Z and 589 Z, all the experimental data given in Tables I 
and III to IX are shown in figs. 1 to 8. The forms of the curves are not due 
to any radical change in composition brought about by annealing. 

The chief conclusion arrived at from the curves is that as the temperature 
changes, a change in mean atomic volume takes place in both the constituents 
in a mixed i^egion, whereas the mean atomic volume in the pure phases remains 
constant for all temperatures. 

There appear at least three possible ways of changing the mean atomic 
volume with temperature, namely, (1) by change of type of lattice ; (2) by 
a change in the orientation of the zinc atom ; (3) by the substitution of atoms 
of one kind for those of another, a pure solution effect. 

Since the a-, and y-phases do not show a change of lattice type with change 
of temperature, the first explanation is untenable. 

Should there be a change in the orientation of the zinc atoms at high tempera- 
ture, causing an increase in the lattice parameter, and the effect arises solely 
from this change in orientation, the zinc atom would have to change its 
orientation, as the temperature is lowered, in such a manner as to occupy 
minimum volume at about 600® C., at which temperature the lattice, for 
example, the p-lattice in the (P + y) region, would change from a contracting 
to an expanding one. Although this may be a possible explanation of the 
clumge in mean atomic volume with temperature, experimental data so far 
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obtained do not lend it much support. For it lias been shown (p. 179) that the 
change in mean atomic volume when a zinc atom replaces a copper atom, is very 
approximately the same in the a-, fi- and y- phases, which all have cubic struc- 
tures, from which we would (conclude that the orientation of the zinc atom in 



pKj, J. Fra. 2. S. Fio. 4. 



Fjo. 5. 1^0. 6. Fig. 7. Fio. 8. 


packing is the same in the three phases. There exists, on the other hand, 
indixeot experimental evidence (p. 179) that a change in orientation of the zinc 
atom takes place in the hexagonal structures at the zinc end of the system, the 
change in volume when a zinc atom replaces a copper atom being much greater 
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in the e- and 7 )“phase 8 than in the a-, p- and y phases. The change in volume 
appears to be a minimum in the cubic lattices. If the form of the mean 
atomic volume-temperature (ujrves now obtained is to be explained by change 
in orientation of the ; 5 inc atoms, then the zinc atom in alloys in the (P + y) 
region must occupy a volume at about 500° C-, somewhat loss than that which 
it occupies in the three (uibic lattices at the other temperatures. Without 
further data, liowever, it is impossible to decide definitely against this explana- 
tion of the effect. 

The third, and th(t one which appears to us the most probable, explanation 
is that of change in solid solubility — atoms go in and come out of solution in 
the different constituents of a duplex alloy as the temperature changes. Now 
since the lattice type is the same throughout the temperature range, and also 
since the parameter value of each phase at a constant temperature is the same 
irrespective of alloy composition, provided this remains in the mixed region, 
it is possible to test the curves obtained here, figs. 1 to 8, by superimposing 
the curves of alloys of different compositions in the same mixed region. Fig. 9 
shows the superimposed curves, the curve (a) being added for comparison 
with the a — (a ji) boundary previously recorded. 

The coincidence of curves from two alloys in the same region for a phase is 
exactly that to be expected on the grounds of change in solubility, for the 
three examples given. Further, the (i-phase curves of alloys 589 Z and 561 Z, 
fig. 9 (6), do not coincide over the entire range of temperature. In alloy 689 Z 
the mean atomic volume becomes constant from about 720°“730° C. to 800° C., 
and in alloy 661 Z it becomes constant from about 640° C. to 800° C, Since 
a constant mean atomic volume with change of temperature is associated with 
a pure phase region, the composition of these two alloys must, in these tempera- 
ture ranges, be in the pure p-pbase region. We deduce from the curves that 
the p-phasc botmdary for alloys of these two compositions occurs at about 
726" 0 . and 640° C. — values in fairly good agreement with those obtained from 
the positions of the boundary as previously determined* by X-ray analysis, 
namely, 720° C, and 620° C. respectively. 

It is clear, from the coincidence of the mean atomic volume curves, that the 
general form of these curves for a phase in a mixed region must be the same 
os the form of the boundary in the equilibrium diagram between the mixed 
region and the pure phase region. There is a marked similarity between these 
curves and the curves determined by X-ray analysis showing the positions of 
the phase boundaries.* 


♦ Owen and Pickup, he, cit, p. 416. 
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On this view, when an alloy in the (p y) region c-ools slowly, zinc comes 
out of solution from both the and the y-constitiients for temperatures down 
to about 500 C., and is taken into solution agtiin below this temperature ; 
in the (a + p) region, copper comes out of solution from both the a- and the 



(a) a-phase in the (a f p) region ; 0 ... alloy 58d Z. 

p-phasa in the (a + p) region ; © ... alloy 589 Z. > ... alloy 503 Z. 

(c) P-phase in the (P + y) region ; O ... alloy 453 Z. >; ... alloy 432 Z. 

(d) y-phasG in the (P -h y) region ; 0 ... alloy 45.3 Z, x ... alloy 432 Z. 


p-constituents for temperatures down about 500° ( 1 , but whereas it continues 
to come out of the p-constituent, it is taken into solution at about the same 
rate by the a-constituent below this temperature. As tlie temperature is 
altered, the lattices continuoixsly change in dimensions, owing to solubility 
effects. In each case, the same type of lattice? is maintained but a continuous 
rearrangement of atoms takes place. 
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IL The j3-<mn//ofWWi<w^. 

The trausformatioii wliich occurs at about 470° C. in the fi-region of this 
alloy system has received much attention by metallurgists. 

Roberts-Austen,’*' in 1897» was the first to observe the effect ; later, although 
Shepherdf had doubted its existence, Carpent^er and EdwardsJ concluded that 
it was present, and interpreted it as being caused by the breaking up of the 
3“phase into a- and y-phases. Mat8uda§ from studies of thermal analysis, 
thermal expansion, electrical resisi-ance, thermo-electric and mechanical 
properties, concluded that the transformation was a progressive change of the 
same nature as the A 2 transformation in iron. It was, therefore, not a change 
in phase but a change in atomic energy, which is a function of temperature 
only, and independent of time. Imai,|l chiefly from measurements of electric 
resistance, found that the transformation began below 300° C. and continued 
till it terminated at 480° C., and that the y-pliase also showed transformations 
of the same nature at 480° C. and 260° C. Gayler^ found a slight but definite 
change in the direction of the boimdary, (a + P) (P)» at the transformation 
temperature ; Haughton and Griffiths, ♦♦ by means of electric resist^ance 
measurements of alloys ranging from 62 ‘6 to 45*7 per cent, copper, also 
showed distinct changes in the direction of the boundaries (a + p) — (P) and 
(P) — • (p 4* y) at the transformation temperature. The work of Saldau and 
Schmidtft on the microscopical examination of well-annealed alloys suggests 
a definite displacement of the p-phase boundaries towards the zinc end, at 
and below the transformation temperature. Owen and PrestonJJ found the 
^-constituent above and below the transformation temperature to have the 
same type of lattice and practically the same parameter value. Phillips and 
Thelin,§§ by taking diffraction patterns at room temperature and at 520° C., 
found the p-phase to be body-centred cubic at each temperature, but with an 
increase of 1*7 per cent, in the parameter value at 520° C. Von Goler and 

♦ ‘ Fourth Ht^p. Alloy Ros. Ctee. Inst. Meoh. Kng./ p. 31 (1897), 
t ‘ J. Phys. Chom./ vol. 8, p. 421 (1904). 
t ‘ J. Inst. Met.; voL 6, p. 127 (1911). 

§ * Sci. Rep. Tohoku Univ.,* vol. 1, p. 11 (1922). 

II * Soi. Rep. T6hoku Univ.; vol. 11 (5) (1922). 

^ * J. Inst. Met.; vol. 34, p. 235 (1925). 

‘ J. Inst. Met.; vol. 34, p. 245 (1926). 
tf ‘ J. Inst, Met,; vol. 34, p, 268 (disoussion) (1925). 

Xt * Proc. Phys. Soo,,’ Loud., vol, 36, p. 49 (1924). 

§§ * J. Franklin Inst.,* p. 204 (1927). 
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Sach8»* from Laue photographs of siugle crystals of p-brass at various tempera- 
tures, failed to find any change in the lattice structure between 400° C. and 
500° C. that could be ascribed to the so-called transformation at 465°"470° C. 

Very little evidence, therefore, appears to have been put forward to suggest 
tljc nature of this apparently abnormal effect, except that it is probably not a 
(P) to (a + y) transformation, although experimental evidence published by 
Masing,| Heike and Ledel)iu*,J and Andrew and Hayji seems to support such 
a eutectoid change. 

If a transformation takes place in the pure ^-phase, and if the change in 
mean atomic volume with temperature has any connection with the trans- 
formation, we should expc^ct to find the most marked effect with alloy 523 Z, 
reprt^enting the pure p-region throughout the temperature range. Since this 
alloy shows a <;onstant parameter value at all temperatures, then either (1) 
the quenching has failed to retain the ^-modification which is stable above the 
transformation temperature, or (2) the so-called ^-transformation is really 
a solubility eff(H*t . 

As the p-transfonnation in the copper-zinc alloys has been considered by 
some to be analogous to the A 2 transformation in iron, experiments were made 
on samples of very pure iron (total impurities 0-018 per cent, -j- traces, not 
estimated), quenched drastically to retain, if possible, the p- and y-niodifications. 

All samples showed reflections of the a-modification only, with a parameter 
value of 2*860 A. The y-iron is a definitely established modification of iron, 
since it has a face-centred cubic structure as compared to the body-centred 
cubic structure of a-iron.|| It is evident that exceedingly rapid quenching 
is required to retain the y-structure in pure iron, or that it can only be retained 
when the iron holds a cortam amount of impurity (for example, carbon). It 
is well known that when carbon or other elements are present it is much easier 
to retain the y-modifioation of iron by quenching. 

If the change in mean atomic volume with temperature, observed in the mixed 
regions (a + P) or (P + y) of the coppt^r-zinc alloys, should arise from the 
P-transformation, it must be assumed tliat the other phase present (a or y) acts 
in the same way as c;arbon in steel, in assisting to retain, by quenching, the 
modification which is stable above the transition temperature in the pure 
p-phase. 

* ‘ Naturwiiw; vol. J6, p. 412 (1928). 
t ‘ Z. Metallk,,’ vol. 16, p. 96 (1924). 
t ‘ Z, Metallk.; vol. 16, p. 380 (1924). 

$ ‘ J. Roy. Tech. CoU.,» Glasgow, voJ. 1, p. 1 (1924). 

II Weatgren aud Phragmen, * J. Iron Steel Inst./ vol. 106, p. 241 (1922). 
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If the second alternative suggested here be assumed, namely, that the 
phenomenon is due to cdiange in solubility, the change in mean atomic volume 
with temperature can be explained, and further the constant values in the pure 
regions are to be expoided, sint^e the lattices in these regions lire unsaturated. 
The evolution of heat shown in cooling curves is thou the heat of solution. 
From the consideration of the form of the mean atomic volume-temperature 
curves we conclude that a certain amount of zinc or copper (according to the 
region considered) comes out of solution as the alloy cools. This amount, 
though small, reaches a maximum at a temperature of aboxit 500° C., approxi- 
mately the temperature at which the ^-transformation occurs. As the 
temp(frature is lowered, the zinc or copper is again taken into solution. 

This explanation is in accord with the facts that (1) tlie a- and y-pbasCvS show 
a similar transformation to that of the jj-phasc, and (2) the transformation 
temperature is really a range of temperature rather than a “ transition point.” 

Matsuda found a transformation in the a-phase at about 280"^ C., while Imai 
confirms Matsixdu in that the y-phasc also has a transformation at about 480*^ G. 

Saldau and Schmidt, xising alloys which had been annealed for 84 days at 
about 440° C., also foxmd a (‘kange in both the (a + fi) (W the (P) - 
(P + Y) boundaries, towards the zinc end, similiar to that indicated by our 
atomic volxime-temperature curves. These authors state : ‘‘ the modification 
(3 fiimxiltaneoufily with the setting down of phase a, dissolves corresponding 
quantities of phase y. Thus, on one side, corresponding to richer copper 
concentrations, a destructive reaction of solid solution was going on, and on 
the other side, corresponding to poorer copper concjentrations, a formation of 
solid solution took place.” 


Cmwlmimis, 

In view of the X-ray data in the first part of this paper, there appears little 
doubt that the form of the me^n atomic volume curves in the mixed regions is 
that of the phase boundaries, and the marked C5hange in their direction at 
abeut 600° C. is probably associated with the ^-transformation. If this is 
so, no transformation in lattice form is tenable, but there is a ” transformation ” 
in solubility. Also the pure ^-phase would then show no transformation since 
it is unsaturated, which is consistent with the X-ray data obtained. Also 
such a change in solubility need not be confined to the p-phase alone (in the 
mixed region) as it is equally likely to occur in the a-, y- or any other phase ; 
this is consistent with the data cited by Matsuda and Imai. The range of 
temperature attributed to these transformations is more compatible with the 
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Holubility theory than any other theory based on atomic rearrangement such 
as, for example, a change in orientation or an allotropic change involving a 
(ihange of lattice type. Further, an allotropic modification is associated with 
a transition “ point ’’ rather than a transition range.’* 

The explanation of these transformations which is based on solubility is 
of very general application ; there are other alloy systems, some of which we 
have already investigated, in which changes similar to those dt^scribed above are 
to be found. 

The only apparent failure in the solubility theory discussed here is its inability 
to account for the heat exchanges recorded on the thermal curves of pure 
P“phase alloys by some workers. As comparatively large masses are required 
for these thermal curves, there may be some difficulty in attaining the true 
equilibrium state throughout the entire mass. If there should be any or 
y-phase pre^sent, this could give tlic heat exchange recorded. It should, how- 
ever, be possible to check this p(unt by repeated heating, followed each time by 
a determination of the thermal < urve, and noting whether the heat exchange 
becomes less. In this connection, microscopk‘>al evidence of the absence of a 

foreign ” phase cannot be considered reliable or accurate enough. 

In regard to the attainment of true thermal equilibrium, tliis is obtained more 
expeditiously by annealing filings than by annealing a small solid sample ; 
though the best method of attaining equilibritim in filings is first to anneal a 
small sample, about 1 c.c., for a prolonged time (for copper-zinc alloys about 
600 hours at 500® C.), and then to anneal the filings for a comparatively shorts 
time at the required temperature for experiment.* While it is recognized 
that samples in the form of filings ar(^ not applicable to most methods of 
investigation, it is only this form ivhich is found to be most suitable for X-ray 
analysis as applied in our investigations. Although objections may be raised to 
the use of filings, in onr opinion they are the form in which copper-zinc samples 
are most readily brought into thermal equilibrium. As this is a vital point 
in every investigation on alloy systems, it may be possible to devise methods of 
investigation, other than X-ray analysis, where annealed filings could be used 
with advantage. 

As the tendency of metallurgical research is to modify phase boundaries to 
a greater or less extent in most alloy systems, the boundaries accepted at 
present, especially at low temperatures, can only be regarded as approximate, 
owing to the difificulty of obtaining true equilibrium. Since equilibrium at 

* The comparative effects of lump aimealiiig and ptiwder annealing are dealt with iii 
another paper, Owen and Pickup, ‘ I'roc. Roy. Soc.,’ A, vol. 139, p. 526 (1933). 
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low temperatures is obtained more readily in samples in the form of filings, 
such as have been used in our investigations, than in samples of the usual lump 
form, the forms of the boundaries deduced from X-ray analysis of filings are 
probably more reliable than those obtained by the usual metallmgical methods. 

Wliile sufficient data may not have been obtained to establish satisfactorily 
the solubility theory suggested here as an explanation of the p-transformation 
in (topper-zinc alloys the results of this investigation may be of sufficient 
interest to stimulate further researches with the obje(tt. of critically testing 
the theory, which is applicable to all the so-called transforntations detected 
in the copper-zinc and other alloy systems. 

We wish to express our indebtedness and thanks to the Royal Society for 
a grant which enabled us to carry out the work. 

Summary. 

(1) The changes in mean atomic volume which take place in the oc-, p- and 
y-phases of the copper-zinc alloy system, with change in temperature, have 
been investigated by X-ray precision analysis. Alloys in both the pure and 
the mixed (duplex) regions were examined over a temperature range from 

C. to 800*^ C. 

(2) In all the pure phases, a constant mean atomic volume was found at all 
temperatures. 

(3) Both the p- and the y-phases in the (P + y) region showed a definite 
minimum mean atomic volume at about 500° C. ; the a-phase in the (a + p) 
region showed a maximum value at about the same temperature. 

(4) The changes in mean atomic volume are shown not to be due to changas 
in composition. 

(5) By superimposing the mean atomic volume-temperature curves of the 
same phase obtained from alloys in the same mixed region, they are found to 
coincide almost exactly for alloys of different compositions within the region. 
They give the general form of the phase boundaries in the thermal diagram. 

(6) To account for the changes in mean atomic volume with temperature 
three possible explanations are put forward. Of these, the one based upon a 
change in solubility appears to fit the experimental facts most satisfactorily. 

(7) The p-transformation which occurs in this system at about 470"^ C. is 
discussed in the light of the experimental results obtained. 
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The Change of Resistance of a Semi-Conductor in a Magnetic Field. 

By J. W. Harding, M.8c., Research Student, Emmanuel College, Cambridge 
Post-Graduate Scholar of the University of Now Zealand. 

(Coinmunicated by R. H Fowler, F.R.S. — Received November 9, 1932.) 

Introduction, 

One may say that prior to the introduction of the Fermi-Dirac statisticjs 
into the theory of metallic conduction and allied phenomena a general mathe- 
matical method of attack on the various problems had been developed which 
necessarily still forms the basis of the modern treatment ; but nevertheltsss 
in moat cases the older theory had little success in predicting the order of 
magnitude, and in some cases, even the qualitative features of the various 
effects. However, the ground had been well prepared, so that as soon as it 
was realized that the electrons in a metal did not really obey the Maxwell but 
the Fermi-Dirac statistics, the mere introduction of the latter distribution 
function in the place of the former in the classical equations proved sufficient 
to clear away many of the old difficulties. Since the appearance of Sommer- 
fold’s paper* in 1928 the first order effects have received on the whole a 
satisfactory explanation. In the case of the second order effects, however — • 
and it is with one of these that the present paper deals — ^there are still very 
considerable difficulties to be faced. 

The problem of the change of resistance of a metal in a magnetic field has 
been treated by Sommerfeld,t making use of a method which was originally 
developed by Gans.^ The calculations follow closely the classical treatment 
of Lorentz in that the mean free path of an electron is introduced phenomeno- 
logically as a parameter to be determined from the known experimental value 
of the conductivity. In the classical theory one pictures the process as 
follows. The metal is regarded as having a regular three-dimensional lattice 
structure with the metallic ions situated at the lattice points. It is further 
supposed that there are a certain number of conduction electrons, which 
might well correspond with the valency electrons, and that the assembly of 
conduction electrons obeys the classical distribution law. When an electric 

♦ ‘ Z. Phyaik,’ vd. 47, p. 60 (1928). 

fXoe. cU, 

t ‘ Ann. Physik,’ vol. 20, p. 293 (1906). 
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field is applied in a given direction the electrons are accelerated and experience 
elastic collisions with the metallic ions. Finally an equilibrium state is 
reached in which the number of electrons entering a given velocity range in 
unit time is just equal to the number ejected by collisions, and the mathematical 
expression of this state takes the form of an integral equation which must be 
solved to find the cliange in the original distribution function due to the 
applied field. Prom the change in the distribution fimction the conductivity 
is calculated. In the semi-classical calculations of Sommerfeld the model is 
the Hanui except that the Fermi-Dirac statisti(?s are used instead of the Max- 
wellian. If one compares the value of the conductivity, thus obtained, with 
the exprimental value, one obtains a mean free path which is about a hundred 
times greater than the lattice spacing. This large value is not very plausible 
on classical ideas ; but is readily understandable on wave mechanical principles. 

If now a magnetic field is applied at right angles to the electric field, the 
electrons are acted upon by a force which would, if the field were strong enough, 
make them d(!scribe circular paths. As it is, the electrons suffer collisions 
with the lattice and the path becomes a zig-zag made up of arcs of circles, the 
net result of which is to increase greatly the distance through which the 
electron has to travel to pass from one end of the conductor to the other, and 
consequently the chances of a collision, and hence the resistance to its motion. 
It is furtluii* seen that there is a transfer of electrons transversely to the applied 
electric field, which proceeds until an electromotive force is built up wliich is 
stiflicient to counterbalance this effect. This is, of (jourse, the origin of the 
Hall effect. Mathematically the treatment is similar to that already used 
when the magnetic fi(*ld is absent. One has to set up an integral equation 
expressing that the distribution is steady under the applied electric field, 
the magnetic field, and also, it must be remembered, the transverse Hall 
field. 

Sommerfeld found that for moderate field strengths the change of resistance 
follows a square law 

Ap/po = BH*. (1) 

If the coefi&cient B is calculated for silver, for example, it comes out as 
1-2 X 10~”, which is about ten thousand times smaller than the observed 
value. Further, if we assume the result obtained by Bloch that the mean 
free path is inversely proportional to the absolute temperature, the above law 
gives a change of resistance which is independent of the temperature, whereas 
experimentally it is known to decrease as the temperature rises. The fact 
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that the theory does not give the qualitative features of the effect correctly 
is perhaps even more serious than that the coefficient is too sinalL 
Frank* has extended these calculations to make them applicable to strong 
fields, and finds that the change of resistance may be expressed in the form 


Ap _ BH2 
Po 1 +CH*‘ 


( 2 ) 


B is the same as the constant in Sommerfeld’s formula ; but since it is not of 
the correct or^er of magnitude, Frank chooses the constant B so as to give the 
correct curve for small values of H, and then det(U‘rnine8 C with the help of 
formula (2) so as to fit one point on the experimental curve. When this is 
done it is found that the correct form of Kapitza^s curves is given by the 
function (2), and that C, which decreases with the t(vmperature, is of th(^ right 
order of magnitude to express the departure from the quadratic; law for high 
fields. 

We are, however, still faced with the primary difficnlty that the theory gives 
far too small a value for the change of resistance, and the temperature depend- 
ence is wrong. Peierlsf has discussed in some detail the relative importance 
of the various efiects wluch might account for the change of resistance, and 
finally comes to the conclusion that to obtain the right order of magnitude for 
the effect one must take into account the fact that the electrons in a metal 
are not moving freely, but are strongly influemu^d by the potential field due 
to the metallic ions ; in other words, one must go a stage further than the usual 
calculation and consider variations of the electron energy function from 
spherical symmetry, when that energy funcjtion is expressed in terms of wave 
numbers or of the electron velocities. If one imagines the energy expanded 
as a power series in v, «?, where w, v, w are quantities analogous to the three 
components of velocity on the classical theory, or more precisely where 
u ^ 27cft/G, V = 27t//G, and w = 27rm/G, k, I and m being the electronic 
quantum numbers and G a large integer, so that w, v and w may be treated 
as continuous variables, it takes the form 

E {uviv) A + B (w® + + w^) 4- C (wV + 

+ D (w^ 4" 4~ 4“ terms of higher order, (3) 

when we remember that the function must have cubic s}Tnmetry, and that 
terms involving odd powers of the variables must vanish. Now on the Bloch 

* - Z, Phyaik; vol. 64, p. 650 (1930) ; ‘ Rev. Mod. Phys.,’ vol. 3, p. 16 (1931). 

t * Leipiiger VortrAge,’ p. 75 (1930). 
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model* of a mi^tal the levels derived from the s terms have energies given by 

E (umv) = W — 2Ji (cos u -f* cos v -f- cos w). 

For small values of w, v, w this expression takes the form 

E (ww) “ W' -f ^{u® -)- V® + w?®), (4) 

and this is the form in which the energy function is generally used in applica- 
tions of the theory. We have stopped at the first two terms of the expansion 
(3), and this is equivalent to the assumption of free eiectrops. One hopes 
to be able to explain the effects by including only these lower order terms ; 
but when one remembers that the number of electrons in a metal is very 
large and that the Pauli Exclusion Principle applies, so that the electrons 
cannot all have low velocities, one is no longer surprised when one finds that 
the procedure gives the wrong result and it is found necessary to imilude 
higher order terms. If one attempts to carry through the calculations 
including these higher order terms, one finds that the departure from spherical 
S 3 ?mmetry complicates the problem enormously, so that the calculations for 
such a case have not yet been carried out. Peierlsf makes some general 
deductions as to the form of the solution in its dependence on the field and the 
temperature, and shows that a saturation effect is to be expected for very strong 
fields ; but does not, of course, evaluate the numerical constants involved. 
Peierls shows, in fact, that with Fermi statistics the solution of the integral 
equation must be a function of H/T, and BetheJ has pointed out that as a 
consequence of this, if the. theory gave the correct order of magnitude for the 
coefficient B, one would also automatically obtain the right kind of temperature 
dependence. 

There is a class of substances, however, which proves to be more amenable 
to mathematical treatment ; these are the semi-conductors, typical examples 
of which are germanium, tellurium and molecular graphite. In the theory 
of semi-conductors recently developed by A. H. Wilson, § it is shown that the 
number of electrons taking part in the conduction process is very small, and 
that these electrons may be considered as obeying Maxwellian statistics. 
Under these circumstances one should be able to explain the resistance change 
without having to take into account the higher order terms ; in fact, if it 

• ‘ Z. Phyfidk,’ voL 62, p. 666 (1928) ; referred to as loc. cM. 

t ^ Ann. Phyaik,’ vol. 10. p. 100 (1931). 

X ‘ Nature,’ vol. 127, p. 336 (1931). 

{ * Proc. Roy, Soc.,’ A, vol. 133, p. 468 (1931) ; referred to as W 1. ‘ Proc. Roy, Soo.,’ 
A, vol. 134, p. 277 (1931) ; referred to as W II. 
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should prove necessary to include the higher order terms, one would be forced 
to the conclusion that the successes of the present theory of conduction are 
mostly fortuitous, 

In the calculations it was thought preferable to follow the Bloch treatment 
with its explicit evaluation of the mean free path rather than the equivalent 
classical calculation. The final results, however, should agree, provided the 
correct value of the mean free path is inserted into the classical formulee. It 
was found that th<! theory giv(\s the correct form of the curve required to 
explain the experimental results both for low and for high fields, and also 
that the order of magnitude of tlie re8istau(H‘ change is (correct, although the 
actual numerical values are rather lower than those? found by Kapitza.* 

The variation of the change of resistance with the temperature given by the 
theory is in the right direction, i,e,, the change of resistance decreases with 
increasing temperature, and the bend in the curv(? is shifted to lower field 
stn^ngths. 


of the MmleL 

In order to understand the further development of tlie theory it becomes 
nect^ssary to examine a mor(5 accurate model of a nietal (Bloch, loc. cilfy and 
we therefore give a r6sum4 of some well-known r<'sults. In a wave mechanical 
treatment we can approach the problem from two different standpoints, 
depending on whether wo wish to obtain a picture of the motion of a loosely 
bound, or of a tightly bound electron in a metallic lattice. In the first case 
we regard the electron as moving in a smeared triply-periodic field due to all 
the other electrons and to the ions of the lattice. The wave equation for the 
one-dimensional problem, which is of the type known as Hiirs equation, f 
may bo discussed exactly, and the three-dimensional case may be treated by 
approximate methods. One fiiids that the energy levels of the electron in 
the lattice are split up into bands of allowed and disallowed energies. In the 
case of tightly bound electrons, we proceed by building up the metal out of a 
large number of individual atoms, each of which has, of course, a number of 
discrete energy levels. If we now put them all together in lattice array and 
first of all disregard the interactions between neighbouring atoms, each of the 
states of the total system consisting of all the atoms will have a degeneracy 
equal to the number of atoms, or twice this if we take into account the two 

♦ * Proo* Roy. Soo./ A, vol. 123, p. 318 (1929). 

t L. Brillouin, ‘‘ Dio Quantenstatistik *’ (Springer) (1931), may be consulted for general 
information and references on tliis and other parts of the subject. 
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directions of electron spin. If the interactions are th(*n introduced as a per- 
turbation, the degenerate levtds will be spread into bands each consisting of 
a large number of discrete hovels ; and in a metal, where the number of con- 
stituent atoms is large, the bands are practically continuous. We are thus 
again led to the conclusion that the^e are bands of allowed and disallowed 
energies in the spectrum of an electron in a periodic lattice field, and since this 
ifl so in the two limiting cases, we may safely conclude that this is a general 
feature for electrons of all degrees of binding. 

Blotch has carried the theory a stage further, and shows that if the lattice 
ficjld is perfectly periodic the electron can travel through it quite freely, and 
the conductivity for such a latticje is infinite. Actually, of course, the pei^ect 
periodicity of the lattice field is destroyed by the thermal motions of the ions, 
which may be considered as a perturbation causing transitions of an electron 
from a given state to one of greater or less energy, the difference in energy 
being taken up by the ions of the lattice regarded as quantized harmonic 
oscillators : the whole ass(imbly is subject to the laws of statistical equilibrium. 
It is only by taking into account this transfer of electronic energy into thermal 
motion that one can obtain a finite value of the conductivity. 

It has already bt^en seen that the energy spectram of an electron in the 
lattice field is split up into bands of allowed and disallowed energies. In 
metals successive bands overlap in the three-dimensional model, a fact which 
is sometimes overlooked in one-dimonsional treatments of conduction problems ; 
but if we assume that there Is no overlapping of the bands, and that a certain 
number of the lower bands are completely filled up, there will bo no conduction 
at ordinary temperatures, since the thermal energy of the lattice vibrations is 
insufficient to remove one of th(‘. electrons from one of the full bands to a 
higher empty band, and the Pauli Exclusion Priri(;iplc prevents traasitions 
within the band itself. Th<?se arc the conditions existing for an insulator. 
If now an impurity is present, and if one of its energy levels is occupied 
by an electron and happens to fall between one of the full bands and the 
next higher empty band, it is quite possible that, if the energy difference 
between the discrete level and the bottom of the higher band is small enough, 
the thermal vibrations may cause the electron to leave its atom and pass over 
into the next higher band, in winch it is free to contribute towards the con- 
duction. The atom itself is, of course, ionized, and acts as a scatterer of 
electrons and so contributes towards the residual resistance. Since the number 
of electrons in the upper band is small, the electron gas is no longer degenerate, 
and Maxwellian statistics may be applied. This is the model (Wilson, foe. 
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ctf.) which wc shall use in the siibsoqucnt calculations. It must be remembered 
that, on this thcorj% there is a sharp distinc'tion betw(*en semi-conductOTS and 
ordinary conductors, and that the diflt'nmce is not nuToly one of degree. A 
scmi-coiidiictor is characterised by a negative temp(’rature coefficient, and by 
the fact that its conductivity d(‘pends entirely on th(> impurities present, 
becoming a much worse conduc^tor when the amount of impurity is reduced. 


The Integral Eqmtim. 

Following Wilson (W II, p. 280) w^e take as our model of a si^mi-conductor a 
simple* cubic lattice (;oiitaining 6^ atoms of wliich are foreign atoms. It is 
further assumed that each atonj of impvirity possesses a single electroti in a 
discrete stat<* of energy Wj. The next band of allowed energies is given by 

W 2 f — 2p ((?os n + cos v + cos ?r), 

where u, v, w may assume the values 27t/G (0, :i:G d:^» -•)' Eor small 
values of u, u, tv this expression takes the form 

Ewnr Wjs + = Wg + 

We now have to set up tiu^ Boltzmann equation expressing the condition that 
the distribution of electrons must be steady under th(’ combined influence of 
the electric and magnetics fields and the collisions with the lattice. 

The alteration of the distribution function H(um^) due to the electric field F 
is given by 

__ hi 

h dti ’ 


and that due to the magneth*. field at right 

by 


me \ dv 


V 


angles to tlic applieti electric field 



The alteration due to collisions with tln^ lattice has b(‘en worked out by Bloi'h* 
and is given by 


n 


dl 8tc® /, k, 871:^ M 


[{n (uvw) [ I — n (u'?;'?//)] 


n{u'v'w') 


X [1 — w 4- ])} 12 (E„w— Eu'r'tv' + 

+ {n {ttvw) [1 — n i(iTv\v)] + I) ““ w ) 

X [1 (Utmi)] (Sinvw EmV'w^ Av)]. 


( 5 ) 


F 2 


♦ Cy. loc. ciL, p. 587 et seg. 
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The meaning of the various quantities is as follows. C is a quantity of the 
order of the square of the reciprocal of the atomic radius, M is the mass of the 
crystal cube of volume (Ga)^, v is the velocity of propagation of sound, and 


fJl = S7A}ljfA 

Eu'if’'u)' i 


1 — cos 2 tc^ ± h>^]/h __ 


anti if w(^ assume tliat the lattice vibrations are always in thermal equilibrium, 



Further, the thr(*e conditions 

tt u/ - - i-/, V — 1 )' 4- g, w — IV d: 

must be satisfied. 

If we take into account the fact that, in the case we are treating^ there are 
few electrons in the upper band, we may omit those factors in equation (6) 
whitjh give (‘xpression to the Pauli Principle. It is, of course*, unclcrstood that 
the Patili Princuphi still applif^s to those electrons in tlu^ full lower bands. 
Making this change, and substituting integrations for the triple summations 
in the usual way, since, when G is large, ?//, v\ w' are practically continuous 
variables, equation (5) takers the form 


dl ■ 


lb’’ («»-’«’) - n {uW) -I- 1)} £2+ 

+ {n ( imv) + 1) — n (u'v'w') i2“ l du' dv' dw'. 


In carrying out the integrations, we first of all use polar oo-ordinntes p, 6, <f> 
and p', O', (f>', so that we have m* + + w® =:= p* and «'* -f v'* + w'‘ p'* 

the axis of u being 0 == 0. Then instead of p', 0'’, <f>' we use polar co-ordinates 
R, fi, o in the /, g, h spar*;, and finally, instead of R wc use the equivalent 
variable, v given by (6). The line joining («, v, w) to the origin is taken as 
fi- — 0, and fi is th(!rofore the angle between the direction of propagation of the 
incident electronic wave and that of the elastic vibration, the direction cosines 
being proportional to (u, v, w) and to (/, g, h) reapcictively. 

On making these changes of co-ordinates the equation becomes 
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We first consider briefly the integration involving the time factor, as it has 
been considered by several writers.* It acts as a sort of S-f unction, contributing 
a factor 7rv/2Aapvp when v lies in the range v == 0 to v — vp/ra ; other- 
wises zero. This is true for the range of electron velociti(?s whicdi is of practical 
importance, namely, those for which p ;> 0/T„, where == p/A:. 

We now have 


(aGr nCr 

BMpapv^jx® 



V® dv [{n (uw) N„ — n (v^ct) (N„ f I))e'-K 4 *Av 
+ {n (uvw) (N, + 1) — w 15 


so that the complete Boltzmann equation may now b(‘ writtem 


ell I d 
~{u — 
me \ vv 



F. 


dn 

(g 7^ 

cu 


f-F — 


== , r r'" V* rfv [{n {urn-) N. - « (v»rr) (N.. + 1 )}k..k+a. 

oMpafiv^p^Jo Jo 

+ {n (uvw) (N„ + 1) — « (vftcr) (7) 

When a magneti<^ fi<*ld is apf)lied a cnrnmt Ix^gins to flow transversely to the 
direction of the appli(*d electric field. This causes a transverse potential 
difference to be set up which finally stops the How of curnmt transverse to the 
applied electric field. This potential is represented by the term F^ in the 
equation. 

We attempt to solve* this integral equation for the perturbed distribution 
function by assuming that 

n ^ -f wXj H- vX^y (8) 


where Xj and X 2 are functions of the energy alone, and the initial distribution 







Introducing the expression for n given by equation (8) into the right-hand side 
of equation (7), we have 

= m^rri r f"''" (E) + «X, (E) 4- vX, (E)} 

8Mpo3v*(x®Jo Jo 

- {n„ (E + Av) + «'Xi (E + Av) + v'X, (E + Av)} 

+ {«„(E) + MXx(E)+«X2(E)}e*-/*T 

- («o (E - Av) + «'X, (E - Av) + v'Xa (E - Av)}] . 

♦ W I, p. 483 ; W 11, p. 283 ; Brillouin, “ Die Quantenstatistik/’ p, 343, or ** Lea Statisti- 
quea Quantiques,** vol. 2, p* 287. 
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The terms independent of X vanish on account of the cqnilihrium conditions. 
We now introdu(;ii x -= liv/Vr as a new integration variable, and assume that 
T Tq. so that we may write 

(1^ I- /T:,;) (E - HV) (K). -j 
X 1 (E + li'Vx) - X, (E - Vix) = Xi (E), > 

X, (E + kTx) X^ (E - kTx) - X,(K). J 


By this process we reduce the integral equation to an ordinarj’ equation in 
Xi and Xj, and we have 


IK — - 


-{«'X,(E)+r.'X,(E)}e“'-f{nX, (E)-l ».’X,,(E)}e*-{M'X, (E)+u'X 2 (E)}] (9) 

whore k ~~ Av/7taA:0, and 0 is the Debye characteristic temperature. 

On substituting 

u' =■- It + /. f' — V 4“ g 

equation (9) becomes 

+ f/.,X,(E)+!I..X,(E))e*.] (10) 

A little consideration shows that 




'luakliX 

Av 

^TiaArTa: 


COH 9 . - + (*OH tTT sin 

P 


O-Rin OjJ 


hv 


cos it . - 4" cos (7^ •*)- a) sin ^ sin 
P 


in 0,'] 


( 11 ) 


when*. Oj and are the angles between the direction of p and the m and v axes 
respectively, and a is an arbitrary fixed angle. The subscripts 9j and in 
(10) mean that in the expressions for / and g those values of 0^ should be taken 
which correspond to the appropriate resonance terms Ea.„ — ± Av=0. 

This gives us 


cos 


cos = 


hv 

_ nakT 

■> 

47CflPp 

hvp * 


ftv 

itaCT 


47caPp 

■*“ '"T *— X 

hvp 



( 12 ) 


When we have inserted the values for / and g as given by equations (11) into 
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(10), have integrated over n, and made use of equations (12), we are left with 


G»27T:a(7 / aW 
8Tcp*apv(x^ ' Av 


[-J\* IT f 27taAT, ,Y , X f"’**'’'' ( hv 




kvp 4Ttapp ' Avp ' J 


Situro X iii suppoHf'd STnall, wf^ may put -- J in tlu* numorator of thfi integrand, 
and e* — 1 — in the denominator, and lumce obtain after a simple inte- 
gration 

V(W«TeVV , Y 1 V ^ 

256MpWA («Xj +«X,). 

The Boltzmann equation now finally taki^s tlu; simple form 


eli I d 
me ' dv 




_ VW«T0VV, Y ^ ..Y X 

256M fiv«m*A ^ * ’ 


yielding the following two equations to determine Xj and X 2 , 

^ Wfl|^ „ I 

me h oB 

TpyX, + F. + ^ Xx = 0 

ftoE wc 


If we further put 


VWflBV 
256Mpv*m*/t ‘ 


wo obtain 

Y 47raeS aF„ + pF, dn# 

«*' + ^"lE ’ 

y _ inae^ aF^ pF^ 

* ~ aty + p* aE ■ 

Tlie total cxirrcnts in the x- and ^-directions are given by 


J ^ 4^^ f ^ ^ 
h J ivr 


(14b) 
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Since J, mast be zero under cxj>erimental conditions, we have the following 
equation expressing in terms of F„, 

f ^ ~ • Fj, [ ^ du dv dw, 

* J a* + O'* f)E J a* + p* ?E 


and, on substituting for 3r?,,/0E, we obtain 


F„ = a . F, 


Jo H- 9 

f«J fAi 

0 Cf? 4- p* 


Resistance for Moderate Fields, 

Considering first the case of moderate field strengths, we may expand the 
denominators in the integrands of eqxxation (15), and integrate term by term. 
To a close approximation we find 

F, = «r(t).(P/l:T)iF,. 

Hence 

X =-- - *‘‘F(|)(P/fcT)> + p ^ „ 

’ ATy a^ + p* ' 0E 
and the conductivity 


' inae^ ^ 


F(Ga)3 




Retaining only quadratic terms in H, this reduces to 

a — [* FpS — ot? I — r (I) (S/AT)* p®ll dp 

3 (Go)*AV‘^“r/^ Jo la* + P® ^ / J ^ 


3(Go)»AV'“T^'" 

167u=‘/*e*a*S’'/*N 

3(Ga)*A»yA'/*T*/* 


'l-0'22a*-|; . 
AT 


so that* 

£. = es = [l _ 0-22 (-1-)* A H*]. 

Oo p L \moy/ AT* J 

where Oq i® conductivity in the absence of the magnetic field. 

On substituting for y, and k — h/jixakQ, wo find that the change of resistance 


[1-0. 




VC»A*'*A»cT*/* 


* p in this equation will not, of course, be confused with the integration variable above. 
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TJie Change of Resistance in Strong Fields. 

The approximate evaluation of the integrals by a series expansion is not 
valid for strong fields. It is, however, quite easy to carry out all the integra- 
tions exactly. It is found that all the integrals involved can be reduced to 
the following three types, 

f “ p” _ j r ) (fcT/p)"^ , 


[” ■ P , rfp == (” iJ * ^ _ 1 e»*3/tT Ei (-aZp/jfcT). 

Jo«*+p* J.V/iT < 


and 


i: 


WiT 

00 

0 <r? -f- 


dp 


This latter integral is transformed by a differential equation method,* and one 
finds 

(18) 

a J a 0/irT)i 


where c is a constant which is determined by the fact that/ the integral J must 
be zero when p/ArT becomes infinite. 

For positive values of a we then havef 

[* dp == ^ f* e-** it = f [1- O |a (P/^T)‘]]. (19) 

J 0 OC* + p* a J „(p/J|rT)i 2a 


Using these values of the integrals, we find from equation (15) of the previous 
section 


F =«/ r (I) - Vtc ■ «^ + n - O («>)] P 

'' ■ 1 Et (-«/») 


Substituting this value of Fy in equation (ISa), and making use of (Ha), we 
find 


^ = 
Po 

where 


!_«)*_ (~ M/®) J 

[i— to*— «/*e'^Et (— «/*)p+w% [0'5— M/* + [1— (w)]P 

(20) 


w* = «*p/AT. 


* Gena, loo. eit,, p. S26 (Appendix). 

t For tables of the functions £t and <t, see Jahnke and Emde, ‘ Funktionentafein,* 
pp. 19 and 81 (1909). 
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The Hall Effect. 

The Hall coefficient R is defined by the equation 


K 




. H Hcto Po 

On ftubstituiin^f the values of F.^/Fg. and p/p^, we find 

V - J!L V'^ 1 -- 2v^ I 2a^c'^*-v/7c [1 — <I> (w)] p 
Vh,, " T ' 1 --- ( W^) Po ' 

For vanishing magtietie field we have 

R, 


w \/ti \/t: . e I {6 Y 1 

H^„ir "" 


so that the result may be expressed in the* convenient form 


R/R, 


— 1 — -h 2'tiV*\/n [1 — 0 (u’)] _p 


1 - 


Po 


( 21 ) 


Comparison with the OlusmcAil Fomulcc, 

It has been remarked already in the introduction that although the Bloch 
method has been followed in these (;alculations, the final formulae should be 
identical with those given by the classical treatment, provided that the correct 
expression for the mean free path is substituted in the latter formute. 

Howe?ver, u comparison of formula (20) of a preceding section with formula 
(35) of Cans’ paper shows that there is a difference, and a closer investigation 
reveals that the difference is due to a slip in Cans’ derivation of his equation 
(28) for the ;y-component of the current by interchanging certain terms in the 
expression (27) for the a;-component. The u^-component equation involves 
the integral (19), which, in Cans’ notation, is written 

0 t« (3/JtT)‘]. (22) 

Ot 

Gans effectively Hubstitutes —a for a in this function (22), forgetting that (19) 
or (22) is the value of the integral (18) only for positive values of a. If a ia 
to have negative values, the constant of integration c in equation (18) must be 
put equal to — 00 , so that the integral J still vanishes when p/iT -> co . 

When this change is made in Qans’ formula (36) for a/oo, it becomes identical 
with that obtained in this paper, provided the value of to is the same in the two 
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cases. The formula (34) of the same paper for the Hall effect is likewise 
wrong ; the correct form is given in equation (21) of the preceding section. 

This correction compkstf^ly alters the character of Gans' solution for high 
fields. For example, if his function is plotted, one finds tJiat Ap/po iiutreases 
steadily and beooines infinite at about 250 kilo-gauss (at 3(){)° K.), changes 
discontinuously to minus infinity, and tlu*n increases again. Similarly, the 
experimentally d(^termined variation of the Hall coefficient with tin; magnetic 
field is quite different- from that given by his equation (35'). 


N mneriml Refills . 


1. TJie Chximfe of Resistance for Moderate Fields. Talcing the values for 

the various constants as given in the following tabl(‘, we may make an estimate 
of the order of magnitude of tlxe change for small to moderate^ fi(dd strengths. 

From equation (17) we find 


Germanium. 


M/V 

(density) 5*47 

e 

4-77 X 10“i‘>e.s.u, 

V 

4 X 10* 

m 

8*98 X 10^28 gram 

p 

1 *59 X erg. (1 volt) 

a 

cm. 

C 

10i«. 

k 

1*37 X 10“^® erg. /degree 

h 

6*547 X 10“27 

c 

3 X 10^® cm. /sec. 

T 

300" K. 


Zip/p,» -IT)? X 10”^2H2. 

This is in very reasonable agretuuimt 
with tlie observed magnitude of the 
(’hange for small fields. It is some ten 
thousand times as great as the value 
obtained by SomttuTfeld in the case of 
pure metals, using Fermi statistics. 

If the value is calculated for another 
temperature, the variation with tempera- 
ture given by equation (17) is seen to be 
in the right direction. 

2. The Change of Resistance for Strong 
Fields .— function representing Ap/p^ 
has been plotted in curve I of fig, 1 , with 


Ap/po as ordinate and w as abscissa, where w is given by 


266cMv®m 


=-- 1-39 X 


from which the point corresponding to any pair of aimultaneona values of H 
and T may be found. The points corresponding to 10®, 2 X 10®, and 3 X 10® 
gauss for two different values of T, namely, at 193° K. (the temperature of a 
xsoixture of solid CO, and ether in Kapitsa’s experiments), and at 300° K. 
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(approximately room temperature), have been marked on the graph for com- 
parison. In fig. 2 the function Ap/po is shown for larger values of the argument 
w. The lower portion of the full line curve has been plotted by the use of 



tables, and the upper portion by the aid of asymptotic series. The usual 
tables are rather inadequate for the accurate plotting of the intermediate 
section (shown dotted in the graph). 
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We may find the limiting value of Ap/po for very large H by making uBe of 
the asymptotic expansions,’*' 


Ei (— ^ g- 


'V/n [1 <I> (w?)] = c" 


* + ‘ 




w' 


vr 


+ 




±+± 

2to* 4w» 


i£+ 

8m;’ 16m;* 


«;!« 

105 


...). 


Substituting these series in formula (20) we find 


Lim Ap/po = Lim 

H— ►ao iW— ►OD 


"2 - 11 

w^- 


2 

6 ' 

* TT 

4 

3 15 1 

2 4m;*J 

1 

w;* 

1 ' - 

I+! 

3 15 

_2 

2 


-=0-132. 


It is soon that the curvt* is of the typical form of the nisistance curve obtained 
in measurements with polycTystallin(? rods. The theory gives rather lower 
values than one obtains experimentally ; but considering the assumptions it 
has been necessary to make in solving the integral ecpmtion, the agreement 
is quite reasonable. One may hope that a more accurate treatment of the 
integral equation will lead to higher values for the resistance change, and so 
improve the agreement with experiment. 

The temperature change is again in the right direction, the bend is 
shifted towards lower field stnuigths as the t(‘mperature is decreased, and a 
crude classical calculation shows that the bend in the curve sots in at a point 
in the graph where the radius of the electronic orbit becomes comparable with 
the mean free path. 

3. The Hall Coefficient , — ^It may be noted that the expression (21) is not 
identical with the corresponding equation (35') of Gans' paper, for a reason 
which has already been fully discussed in a preceding section. The function 
(21) has been plotted in curve II of fig. 1. For very high fields we use the 
Asymptotic expressions for the functions O and Ei, and obtain 


rs 


LimR/Ro = M32 Lim 




0*849. 


Unfortunately there appear to be no available data for the variation of the 
Hall effect with the magnetic field with which the results of this paper may be 
compared. Most of the experimental work relating to this question has been 

* Jahnko and Emde» loc, ciU 
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done on bismuth, which is not, of course, a semi-conductor, although it does 
exhibit some serni-conducting prop<*rii(*s in addition to those of a metal. In 
the absence of data on scini-c conductors, it may be interesting just to note that 
for bismuth the variation of the Hall effect with the magnetic field’*' is similar 
to that which the present theory predicts for semi-conductors. 

Finally, we find that the classical formula of Gans, as corrected by u«, 
becomes identical with formula (20) of this paper, provided 

— ^ a (2p/m)*. 
nw 

Substituting for tht? values of th(c various constants, one obtains 

Z = 1 *44 X 10“® cm., 

which is about a hundred times the lattice spacing, and agrees well with the 
value of the mean free path wliich one would expect to obtain in a wave 
mechanical treatment. 

In conclusion the writer wishes to thank Professor E. H. Fowler for his 
encouragement and criticism throughout the course of the work, and Mr. A. H. 
Wilson for kindly suggesting the problem and for many helpful discussions. 

Summary, 

Wilson’s theory of semi-conductors has been applied to the problem of the 
change of resistance of a semi-conductor in a magnetic field. The theory givea 
the right fprm of curve required to explain the experimental results both for 
low and high fields, and yields the correct order of magnitude for the effect. 
The variation of the change of resistance with the temperature is also in the 
right din^ction. 

♦ Heaps, ‘ Phys. Kev.,* vol. 29, p. 332 (1927). 
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The Stmciure of Surface Films. Part XVI L — y Hydroxy -Stearic 

Acid> and its Lactone. 

By N. K. Abam, from the Sir William Ramsay Laboratories of Inorganic and 
Physical Chemistry, University College, London, W.C.l, and Imperial 
Chemical Industries, Ltd. 

(Communicated by F. G. Donnan, F.R.S. — Received November 9, 1932.) 

This paper describes observations, mostly made in 1924 and not hitherto 
published in detail,* on the surface pressure of y hydroxy-stearic acid (I) and 
its lactone (II) spread as monomolecular films on aqueous solutions. 
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Most of the measurements were made with the modification of Langmuir’s 
apparatus described in Parts I and II of this series of papers,! ^ which jets 
of air prevent the film passing the ends of the float. A few confirmatory 
observations have been made since, with the apparatus of Adam and Jessop, 
in which thin metallic ribbons block these gaps. The acid and lactone were 
kindly given me by Dr. P. W. Clutterbuck, of Manchester University, 

The principal results are shown in fig. 1. Curve I is the compression curve 
of the lactone on distilled water, from 6^ to 20'’, Similar curves were obtained 
on hydrochloric acid (up to normal strength), on N/10 sodium carbonate and 
on N/10 caustic soda. On warming, the films (on water) expanded to a curve 
closely resembling the well-known liquid expanded curve of films of fatty acids. 

* A note of the principal result, that the lactone is hydrolysed to the acid in the films 
on moderately strong soda solutions, has been published ('Cbem. Eev.,* vol. 3, p. 134 
(1926) ; “ The Physios and Chemistry of Surfaces,” p. 83 (1930) ). 
t • Proo. Roy. Soo./ A, vol. 99, p. 336 (1921) ; voL 101, p, 462 (1922). 
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Thfi area, extrapolated from 4 dynes per centimetre to no compression, was 
29 dr 1 for the condensed film ; the expanded film tended to an area at 

low compressionH of about 48 sq. A. ; the expansion was half completed at a 
temperature witliin a few degrees of 27°, under 1 -4 dynes per centimetre 
compression. 



Fio. 1. — (6) Hydrolysis of lactone on N NaOH at 17*6°. 

The acid, on N/50 hydrochloric acid, gave curve II at and below 4°. At 
higher temperatures it gave an expanded film, probably liquid expanded, 
with an area at low compressions in the neighbourhood of 52 sq. A, The 
estimates of th(j area of the expanded films are not of great accuracy in these 
cases. The temperature of half expansion under 1-4 dynes per centimetre 
was 10*5°. Similar films were obtained on normal hydrochloric acid. On 
N/10 and normal caustic soda, the films were gaseous, with moderately large 
corrections to the simple equation for a perfect gaseous film. On distilled 
water, reproducible results were difiictdt to obtain with the acid. As a rule, 
a transient surface pressure of 1 or 2 dynes per centimetre was observed at 
areas up to 35 sq. A. This usually diminished to about 0*3 dynes in a minute 
or less. On further rapid compression, a curve similar to the dotted curve 
in was obtained. The area usually diminished by 1 or 2 sq, A. on further 
waiting. In a few cases, however, after waiting about an hour, curves 
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resembling those of fatty acids with “close-packed chains/' with an area 
about 21 sq. A. and Tory in(H>rapresHible, were obtained. 

Hydrolysis of Ihs Lactone on Normal Cmistie. Soda. 

On normal caustic soda solutions, the films of the lactone underwent rapid 
expansion, obviously a hydrolysis to the acid. The middle curve, fig. 1, h 
shows the area of the lactone under 1-5 dynes per centimetre compression at 
various times after tin? film was put on ; the upper carve is a control curve 
done with the acid. There is a rapid increase of area in thi* (^ase of the lactone 
for about 10 minutes, passing gradually into a very slow increase, which is 
also shown with the film of the acid. This slow final increase* of area is probably 
due to the accumulation of contamination from the caustic soda solutions, 
which are very difficult to obtain with clean surfaces. The lower dotted curve 
repreH(*nts an attempt at correcting the area of the lactone for the probable 
rate of accumulation of contamination, as follows. The straight part of the 
curve for the acid was extrapolated to zero time, and tlie inereaso in area of the 
acid over the initial area (neglecting the first more rapid inereaHe), at each time, 
was subtracted from the observed area of the lactone. This curve is of 
approximately the form to Ik? expected for a monomolecular rciaction, assuming 
the area to be the mean of the areas of the lactone and acid present at any 
moment. The reaction is lialf completed in about 2 '4 minutes at 17 ’5“, and 
in alwut 1 minute at 32"^. The small initial rise in the cjase of the acid may be 
due to its (containing a tracer of lactone. 

After the films of acid and lactone had been on the soda for some time, they 
were comprt^ssed. The compression curves were identical (gaseous films) 
within experimental error, as is to be expe<*ted if the lactone is hydrolysed 
to the* acid 


TMsmssian. 

The lactone has a saturated ring of five atoms at its lower end. The area 
found, 29 sq. A., is slightly smaller than the area of 30 recently found for the 
p alkyl cyclohexanols by Danielli.* Models indicate that the lactone ring 
would probably be smaller than the cyclohexanol ring. The observed difference 
in the films is only about 1 sq. A. at low compressions, but increases at higher 
(compressions, the lactone film being much more compressible than the cyclo- 
hexanol film. 

* Adorn, Danielli, Haalewood and Marrian, * Bioobem. J./ voi. 26, p. 1235 (1932). 

von, CXL.— A. Q 
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The condensed film of the acid reaches about the same area as the lactone at 
low compressions, but is much more compressible. It appears that the 
hydroxyl group has a ttuidency to approach the carboxyl group, in which it 
is possibly aided by the attraction of the water molecules underlying the 
film. Compreasion tends to squeeze the chains out straight, but apparently 
does not succeed in doing so completely, owing to the tendency of the y 
liydroxyl group to approach the carboxyl group and the underlying water. 

The expansion teinp<jrat\irc* of the* acid, on dilute hydrochloric acid, is some 
lower than that of stearic acid, containing a chain of equal length without a 
hydroxyl group. This is no doubt owing to the tendency of the hydroxyl to 
approach the water. The gaseous state of the films on alkaline solutions is 
due to ionization of the end group decreasing the lateral adhesion between 
the molecules. Stearic acid also gives a gaseous film on alkaline solutions, 

Sumniary, 

Y hydroxystearolactone forms a condensed film of area about 29 sq. A. at 
zero compression on water, dilute acid, and dilute alkali, 

Y hydroxystearic acid forms a liquid expanded film at and above room 
temperature, on slightly acid solutions, and a condensed film near O'*. There 
is some tendency for the hydroxyl group to approach the water, in films of 
the hydroxyl acid ; but this group can be forced away from the surface by 
lateral compression of the film, y hydroxystearic acid forms a “ gaseous ** 
film on alkaline solutions, like other fatty acids. 

On normal caustic soda, the films of the lac^tone are rapidly hydrolysed to 
the acid, the change being detected by the increase in area which occurs, 
since the acid is a gaseous film and the lactone a condensed film. 
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Fhw of Water through Fine Clearances unth relative Motion of the 

Boundaries. 

By R. J. Cornish, M.Sc., A.M.I.Mech.E. 

(Communicated by D. R. Hartree, F.R.S. — Received November 14, 1932.) 

1 . I ntrodiiotion. 

In pracjtir^e in many < asf*s of flow through fine annular olearanui'w, the inner 
boundary consists of a bush keyed to a rotating shaft, and in the investigation 
about to be described, it was found that up to a certain critical speed of rota- 
tion the resistance to flow is unaffected, but above this speed the resistance 
incn^ases as the speed increases. Curves are given by means of which the 
critical angular velocity and the resistance at higher angular velocities can be 
ascertained for the range of clearances investigated. 

2. ApparatUH. 

Two apparatuses, Nos. I and II, were used, each consisting in principle of 
a brass cylinder mounted on a shaft and capable of rotating inside a hollow 
cylinder, also of brass. The surfaces were finished as smooth as possible by 
grinding. 

Apparatus II is illustrated in fig. 1. The shaft was supported in ball- 
bearings, which are not shown in the figure. The* revolving bush was approxi- 
mately 20 cm, in diameter by 28 cm. in length. By means of set-screws it 
could be placed centrally within the hollow bush, the concentricity being tested 
by means of feeler-gauges. Water was supplied at one end under pressure 
from a tank giving a constant static head, and the quantity was measured at 
exit by taking the time required to fiU one of a series of flasks and cans. 
The temperature was measured by calibrated thermometers at entrance and 
exit, and the average used to get the viscosity. The viscosity-temperature 
curve was drawn from data given in the International Critical Tables (1926). 
There was no means of controlling the inlet temperature, but it varied from 
about 6^^ C. to 21^ C. according to the season. The corresponding range of 
kinematic viscosity is about 0*015 to 0*010 C.G.S, units, and as far as possible 
curves were checked at different viscosities. 


V 2 
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ProssureK could be measured at points A, B, C, D, E, F, G, and H, fig. L 
A gauge hole was also drilled in each end -cover to check the readings at A and 
H. Water or mercury manometers were used, according to the pressure. 



Fio. ] Sectioniil plan of apparatus li, with top half of end-covers removed. 

The shaft was direct tjoupled to a D.C. motor, giving a range of speeds from 
0 to 2000 r.p.m. The speed of rotation was obtained by a revolution-counter 
which was engaged just before st<art.ing to measure the quantity of water, and 
disengaged immediately on completing that measurement ; the time was taken 
with a stop watch, and a direct reading tacheometer was used as a check. 

Apparatus I was similar in principle, but the construction only allowed for 
checking the concentricity at one end. However, long feelers were used and 
very fair results obtained. The diameter of the annular clearance was 12 cm. 
and the length 15 cm. ; the outer bush was slightly shorter than the inner. 
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Presstire water was supplied from a centrifugal pump, and the temperature 
was taken at the outlet of the delivery pipe. As very small values of mS/v* 
were not uivestigated with this apparatus, the temperature rise in the clearance 
cannot have been enough to introduce any serious errors tlirotigh not measuring 
the temperature at both entrance and exit. 

In each case the diameters of the bushes were measured by micrometer 
gauges reading to a hundredth of a millimetre. Owing to slight machining 
errors th(^ diameters were not perfectly uniform, and the average clearance was 
taken as the cube root of the average of the sum of the cubes of the clearances 
at equally spaced distances. The cube average was used because with laminar 
flow the flow for a given pressure difference varies as the cube of the clearance. 
Finally, the clearance was calculated from the experimental results with the 
rotor stationary, by assuming the correctness of the theoretical formula for 
laminar flow (§ 4, a). This value, which was used in all subsequent calculations, 
was found to agree with the measured value within the possible errors of measure- 
ment. It should be mentioned that in all cases the clearance was a few per 
cent, greater at the ends, and this “ bell-mouthing ’’ is referred to later in the 
estimate of entrance and exit losses. 


Table I. 
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i .3*81 
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Table I gives the leading dimensions of the various annular clearances on 
which experiments were made. In assessing the results, reference is made to 
the work of Suxtikijt and for convenience the details of his clearances are 
given in the table, 

3. Lifmtations of the Apparatm. 

(a) The heat generated by the friction of the rotating surface could only 
escape from the rotor along tlw. shaft or through the water. With small 

* See index to eymbols, p, 239, 

t ‘ J. Fac, Eng., Imp, Umv., Tokyo,’ voL 18, p, 88 (1929). 
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quantities of water flowing, the rise in temperature at high speeds of rotation 
was very rapid, and the inner bush became much warmer than the outer, thus 
causing a reduction in the clearance. The results for high speeds of rotation 
at low Reynolds numbers must therefore be accepted with caution. 

(6) Owing to the slight variations* in diameter, and the fact that the only 
method of centring the rotor was with feelers, exact concentricity could not 
be guaranteed. However, in the case of apparatus II the rotor was several 
times removed for cleaning, and the general agreement of the results at different 
times shows that the errors introduced by faulty (centring cannot have been 
large. At very low pr<?ssures, appreciable errors were introduced owing to small 
pressure differences generated by the rotation of the rotor, presumably due to 
its not being exactly co-axial with the stator. The pressure difference indicated 
by the manometers was therefore made up of that due to friction and that 
generated by the rotor. Changing the direction of rotation did not necessarily 
alter the sign of the latter value, whereas it usually altered the magnitude, so 
the true pressure drop could not bo obtained by averaging the results obtained 
with both rotations. Attempts were made to estimate the allowance for this 
effect by rotating the bush with no water flowing, but the rapid heating of the 
water by friction made it difficult to get reliable readings. The author has 
therefore not reported the results for values of mS/v less than 10, except in the 
case of the critical angular velocity. Apart from the effect above noted, the 
direction of rotation did not affect the resistance, 

(c) The effect of rotation on the gauges connected to the pressure openings 
within the clearance was very complicated, and the author was unable to 
interpret or to systematise the readings. The pressures used to calculate the 
resistance were those of the manometers connected to the high pressure and 
low pressure chambers. In practice this point is unimportant, except that the 
effect of rotation on the entrance and exit losses <?ould not be estimated. Prom 
the experiments without rotation, the? sum of these losses was found to be 
approximately S*/2sf ; tlu' slight “ bell-mouthing ” of the entrance doubtless 
explains why this value is rather less than would be expected. The same value 
has been token for these losses in the experiments with rotation. That this is 
permissible is indicated by the work of Yendo,* who used rotors of two different 
lengths, and therefore the losses could be ascertained by difference methods. 
It was found that the speed of rotation had very little effect on the entrance 
and exit Josses. In any case, with the length of clearance space used by the 


* ‘ Rep. Yokohama Tech. Coll.,* No. 1, p. 23 (1330). 
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author these losses were small compared with the pressure-drop owing to skin 
friction. Unfortunately, Yendo doe4% not give the water temperatures, so his 
work could not be used to check thc^ friction losses. 


4. TheoreUml Investigation. 

(a) iKo^or Statioimry, —As the clearance is small compared with the radius, 
the formula for laminar flow between a pair of parallel plates can be used, 
i.e., 


p 82 ‘ 


or 


: 3 ( 

Rm 

(x8 




( 1 ) 


( 2 ) 


From figs, 3 and 4 it will be seen that the author’s curve for o = 0 departed 
from this line at about mS/v == 100. This is because the pn>s8uros were 
measured outside the clearance, and the effect was the same as that often 
observed in pipe flow when gauge holes are placed too near the. entrana\ before 
the flow has become steady,* The amount of deviation from the theoretical 
line was not large, and, as it is doubtful to what extent a similar effect occurred 
when the rotor was revolving, no correction was made. 

For turbulent flow in any form of pipe with smooth boundaries, Davies and 
Whitef give a general formula which reduces to 

S2„ 0-0283 (2®r. (3) 

The same formula is obtained by putting co = 0 in Suzuki’s expression (stM? 
equation (6) ). 

The experiments of Davies and WhiteJ on flow between parallel plates, and 
those of the author on flow tlirough annular clearances with the rotor stationary, 
only extend up to mS/v = 2000. Up to that point they are better represented 
by the expression 

^ = 0-0197 ( 4 ) 


Within the range considered the curves corresponding to (3) and (4) praiiti- 
cally coincide, and it seems probable that as mS/v increases, equation (3) would 
best represent the correct curve. 


• For a full diaouasion aeo Davtea and White, ‘ Proc. Roy. 8oo.,’ A, vol. 119, p. 96 (1928). 
t ‘ Engineering,' vol. 128, p. 71 (1929). 
t ‘ Proo. Roy. Soo.,’ A, vol. 119, p. 92 (1928). 
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(6) Rotor The first published work on this subject knowu to 

the author is that of G. I. Taylor,* who investigated the case where there is no 
flow parallel to the axis. Above a critical angular velocity an eddy system is 
j)rodu(!ed, and it is possibh^ that, when then^ is flow parallel to the axis, eddies 
are formed whit’th are immediately swept away. 

Goldsteinf is exa, mining mathematically the critical angular velocity con- 
ditions in the ease of axial flow, but his final res^ilts liave not yet been publislu'd. 

Su?!uki (Zoc. cU,) investigated tlieoretically the increase in resistance* due to 
rotation, working from Kannairs law of velocity distribution, which is applir- 
able only in the turbulent flow rc^giou. His formula reduces to 


Rm 

pS 


: 0-0283 




[] + 0-029 


W/ 




(5) 


He does not giv(^ any indication of the value of fi, which seems to vary with 
different clearances. 

The principle of dynamical similarity may »ppli^*d to the problems of 
the resistance and of the critical angular velocity at which the type of motion 
changes. On the assumptions that H depends on r, 8, fjt, p and ct>, and that 
( 0 ^ depends on m, r, S, (x, and p, the following expressions are obtained : — 


Rm / /wS f m<o\ 

[xn \ V m 8 


^ (mS r\ 

m; 


( 6 ) 

( 7 ) 


5. Results, 

(a) ResisUmie to Flow , — Equation (6) suggests that Rw/fxS should be plotted 
against mto/S for constant values of mS/v and r/m, but it was found that by 
using fci>/S as abscissa instead of mw/S a series of curves was obtained which 
was identical for all the clearances used by the author, and two of those of 
Suruki. This is shown in fig. 2, from which it appears that the curves there 
given apply to all values of r/m between 341 and 624. Within this range the 
only points showing serious disagreement arc some of those for Suzuki ’s appara- 
tus d. To avoid confusing the figure, the points from this apparatus, for high 
values of wS/v, have not been included ; they all fall below the curves of 
fig. 2. This apparatus was peculiar in that at entrance and exit the boundaries 

* ‘ Phil. Trnug..’ A, vol. 228, p, 289 (1928). 
t ‘ Rep. Brit, Agg.’ p, 347 (1981). 
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were, rounded off to mimmizc losses ; this may have had the effect of reducing 
the tendency to turbulence. 

In the author’s experiments, it was found to be impossible to keep wiS/v 
absolutely constant, so fig, 2 could not be plotted directly. For experimental 
purpos<!H with any given apparatus, the mpst convenient method was to find 
the relationship bf3tween Rw^/|jlS and nS/v for a number of values of co/v, 
wMch could easily be kept approximately constant. Fig. 3 shows the results 
obtained from apparatus II. Curves of this type were drawn for each apparatus 
and from them fig. 2 was plotted, using the relationshij) 


TO) 

"S 


6 ) 


mS 


, rm. 


In fig. 4, Kw4/|jiS is plotted against mS/v for a series of constant values of 

r<o/S For valuen of mS/v from KXK) 

average velocity of axial flow/ 

upwards these curves agree closely with equation (5), if p is taken as 0*8. 

Suzuki’s experiments with larger clearances show that the resistance corre- 
sponding to a given value of the ratio ro/S diminishes as r/w diminishes ; 
that is, when the clearance is larger relative to the diameter, the effect of 
rotation is less. In view of the shortness of his rotor, the entrance and exit 
losses rather tended to “ swamp the frictional resistance with these larger 
clearances, so the pr(?sent writer has not felt justified in using this work to 
oxtend his own. 

(6) Critical Angular Velocity. — ^In fig. 2 it is seen that, for values of mS/v 
leas than 300, the curves may be divided into two parts. * When roi/S is below 
a critical value, Rm/pS is constant and approximately equal to 3. (The actual 
experimental points in support of this statement have been omitted to avoid 
confusion.) Above the critical value (r<oJ8) UmlyS increases, at first rapidly 
and then more slowly, as r co/S increases. The curves for wS/v = 400, 600 and 
600, show an additional complication, due probably to the abnormal entry 
conditions causing an early onset of turbulence of the type usually associated 
with high Reynolds numbers ; the point of change to the special typo of dis- 
turbance associated with rotation is fairly clear, however. For still higher 
values of mS/v no such definite point can be detected. 

The relationship between ro>JS and mS/v was specifically investigated only 
with apparatus II, but it may be deduced from fig, 2 that the results are valid 
at least from rjm = 341 to r/m == 624. For the reason explained in the second 
paragraph of § 6 (a), the method employed was first to find Rm/pS for a 
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number of values of w/v near the (ritical, keeping mS/v as nearly constant as 
possible. An example of the curves obtained is given in fig. 6. The lesnlts of 
these experiments were used to draw fig. 6, where rtaJS is plotted against 
wS/v. 
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In connection ■with the arrangement adopted in fig. 7, rmtajv also has been 
plotted against tnS/v in fig. 6. 



6. Practioal ApplicxUim. 

For use in practice, none of the forms of curve drawn is as convenient as 

those of fig. 7. Here the ordinate has been taken as ^ obtained by 
^ (i*p <fc 

multiplying Rm/pS by mS/v. Thus S, which is the usual unknown, only 
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occurs in the abscissa, wS/v. To generalize the effect of rotation, curves have 
been plotted for a series of values of mce/v ; these will bo valid over the same 

range as fig, 2, since = ~ . Fig. 7 may therefore be applied for all 

values of f/m from 341 to 024 ; a large number of practical cases falls within 
this range. The portions shown dotted are estimated from rather less reliable 
evidence than those shown full. To enable fig. 7 to be easily reproduced for 
use in practice, sufficient numerical information has been given in Table II. 


Table IL 


Values of 


inr 

[X*p 


dz 


for plotting fig. 7. 


wBfp. 
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30 
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30-3 
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1200 

43*6 

135 

231 

336 

500 
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1250 

1510 

2020 

2540 

3120 

4520 

6160 

11100 



1500 

50-5 

152 

257 

371 

548 

840 

1125 

1420 

1726 

2320 

2940 

3600 

5040 

6720 

12000 

18000 


2000 

61-0 

179 

1297 

428 

625 

960 

1290 

1640 

1980 

2700 

3430 

4200 5900 

7700 

13100 

19600 

35100 

2600 

72*0 

200 

337 

476 

696 

1060 

1440 

1815 

2200 

3000 

3830 

4690 

0550 

8500 

14300 

21000 

37600 

3000 

84-0 

231 

377 

525 

760 

1170 

1680 

2000 

2420 

3300 

4230 

6160 

7200 

9300 

15460 

23000 39900 

4000 

106*0 

285 

455 

630 

900 

1360 

1820 

2300 

2790 

3800 

4900 

5970 

8200 

10600 

1726024400 41400 


In this table particulars are also given of curves for a number of additional 
values of mo/v, whicffi were omitted from fig. 7 to avoid confusing the figure 
when reproduced to a small scale. An important feature from the designer's 
standpoint is the rapid couvorgence of the curves in the turbulent flow region, 
showing that with high values of mS/v the friction is practically unaffected 
by ordinary speeds of rotation. That this is also true for values of rjm less 
than those covered by fig, 7, is evident from Suzuki's experiments with larger 
clearances. 

The application of the curves needs considerable care owing to the heating 
effect dealt with in § S, a. Where a small axial flow is accompanied by high 
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speeds of rotation, the clearance will be reduced by the rise in temperature of 
the inner bush, while the average viscosity of the liquid will also be reduced. 

A possible complication toight arise froiq the expansion of the rotor owing to 
centrifugal force. Exact- calculation is made impossible by the difficulty of 
estimating the initial stresses in the rotor, but an approximate investigation 
showed that the reduction in the clearance by centrifugal action is negligible 
with the clearanc(is and speeds of rotation dealt with in this paper. 

Moreover, the accuracy of centring of the rotor will also have to be con- 
sidered ; in the stream line region eccentricity may increase the quantity for a. 
given pressure difference by an amount up to 150 per cent, of that with 
concentricity.* In the turbulent flow region the effect is much less, the increase 
being not more than 30 per cent, for maximum eccentricity. These figures hav(* 
only been obtained for the case when the rotor is stationary ; no work has 
been published on the effect of rotation with an eccentric rotor. 

The author wishes to record his thanks to Professors A. H. Gibson and 
D, R. Hartxee, F.R.8., of Manchester University, and to Mr. T. Y. Sherwell 
and members of the staff of Messrs. Mather & Platt, Ltd., at whose works part- 
of the research was carried out. 

List of Symbols. 

= radius of inner cylinder. 

r j = radius of outer cylinder. ^ 

r == mean radius of annulus = § -f r^). 
m “ hydraulic mean depth — i {^2 r^). 

I = axial length of clearance space, 
dpjdz = pressure gradient parallel to the axis. 

R = resistance per unit area of wall surface ~ m . dp/dz. 

8 = mean velocity of flow parallel to the axis, 
p = density of fluid. 

|jt = absolute viscosity of fluid. 

V its kinematic viscosity of fluid. 

<0 = angular velocity of inner cylinder (radians per second), 
critical angular velocity. 

Summary, 

The paper describes the author's experiments on the resistance to flow of 
water through a series of fine annular clearances, in which the cylindrical 

* Sohneokenburg, * Z. ang. math./ vol. U, p, 40 (1931). 
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bush forming th« inner boundary could be rotated. In the laminar flow 
region the resistance is unaffected by rotation at low speeds, but is increased 
when the angular velocity rises above a critical value. In the region of 
turbulent flow the effect of a given speed of rotation diminishes as the 
Reynolds number increases ; this part t>f the work was correlated with that 
of Suzuki, 

It is shown that dynamical similarity depends on tfio ratio of radius to 
hydraulic mean depth. For values of this ratio from IHl to (>24 curves are 
given by means of which the critical angular velocity and the resistance at 
higher angular velocities can he calculated. 
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The Tides in Oceans on a Rotating Globe. — Part IV. 

By G. R. Goldsbrouoh, F.R.S. 

(Received Januttiy 20, 1933.) 

§ 1. Introductory. 

In previous papers* of this series approximate solutions of the tidal equations 
have been given which represent the semi-diurnal tide in an ocean bounded by 
two meridians of longitude 60° apart. The present investigation is to find 
the nature and periods of the free oscillations in such an ocean, particularly 
of that mode which has a period near to the period of the semi-diurnal tide. 

The principal conclusion is that in an ocean of uniform depth 12,880 feet 
and bounded by two meridians of longitude 60° apart there is a normal mode 
of vibration having a period of 12 hours 33 minutes of mean solar time. In 
the course of the work it is shown that the normal frequencies appear in groups 
of three ; one giving a wave travelling in a positive direction, the second giving 
a wave travelling in a negative direction, and both of them remaining finite as 
the speed of rotation diminishes. The third is an oscillation of “ the second 
class,” corresponding to a wave travelling in the positive direction and reducing 
to a steady motion as the speed of rotation diminishes. 


§ 2. The Equations and the Method of Solution. 

The ^nations to be solved for the case of uniform depth h are, in the usual 


notation 


|+2o,t.co.e = -^£. 


( 1 ) 


• Part I, ‘Proo. Boy. Soo.,’ A, vol. 117, p. 694 (1928) ; Part HI, »6«., vol. 126, p. 1 
(1829), ' These will tw lefemd to as 1 and III reapeotively. 


TOIL cnou— A. 


B 
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On taking out the time fa(^tor and putting ja cos 6 the equation (1) 
reduces to 

V(I ^ y?) dK' 


%au — :iio{xv — g 

icv 4 " 2(0 fiw 
usaJ^ _ d 


a 3 fi. ’ 


ai:' 


a^/{l - \i?)d<f>' 


Apply Love’s transformation, which is given by 


V = ~ Id 

and write 




1 3* 


an 




( 2 ) 


( 3 ) 


Then, from the equation of continuity, 

= «tA (p). 

Therefore 

K^{hla)£i(p). (4) 

On substituting (3) in the first and second of equations (2) we have 




( 5 ) 


and 


+ 71 ^ 8^1 


ff 8C 


( 6 ) 
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Divide equation (6) by (1 — and difierentiate the quotient with 
regard to <f > ; multiply equation (6) by \/ (1 — (jl®) and differentiate the product 
with regard to [x ; and add the results* We have then 


a® A (q) “f 2wicr(i. A (p) + 2coia (1 — (x*) 

d(x 


“f" 2tOMI 


dif> 


0 . 


(7) 


Again, multiply equation (5) by — (x®) and differentiate the product with 
regard to (x ; divide equation (6) by ^(1 — [x*) and differentiate the quotient 
with regard to <f > ; subtract the results and we find 


■ c® A (p) + 2ma ~ 
0<f} 


2ma (1 — |x®) ^ — 26>aa(xA {q) 

C'iX 


= (#/a*)AV;>)-(5'/a)A(?). 


( 8 ) 


In (7) and (8) substitute / = cr/2c*), p ^ and they reduce to the 

suitable forms 

•N 

— (?) + (p) 4 * ^ (1 — ^ ^ 

- /* A (p) + »/ 1£ - ifiiA (?) [i*) ^ 

~ p A® (p) == — (p/4w*a®)A (0- 

J 

If the bouudariea of the ocean are two meridians 0, the conditions to b<? 
fulfilled in addition are that the solutions must be finite at the poles p = ± 1, 
and that v = 0 when ^ = 0. For convenience we put a = tc/^. Th«i 
appropriate forms for the solution of equation (9) are* 

p = ss cos 

$ n 

? = S S P;;+„ (p) sin sct<f> 

$ n 

where s, n are integral. These forms satisfy the required boundary conditions 
term by term. 

Now in the range 0 to 7t/a we have the following valid expansions, r and s 
being integers ; 

sin tci<f> = S oj cos (r — s) odd, 

r 

* (fx) is dofiaed as in Lamb, “ Hydrodynamics/’ 6th ed., p. 117. 
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where 


and 


where 


is 




aS 


2 . 
9K 


COS = S sin ra^, (r — «) odd, 

r 

6;^ 


(f* — «*)7t 

Also in the range (— 1, 1) we have the following expansion* when a is an integesr, 
p;:+, = S gll+„ (sot, sot -I- n) (p), 

m 

where 

(««. sot + n) = i (2ra + 2m + 1) j , ^+* 

Then on substituting from (10) in the left-hand member of the first of 
equations (9) we have 

—/A (?) + ipA (p) + * (1 - (A®) ^ ^ 

= 22 (sa + n) (»a + n + 1) PjS+n 

+ ««pn+« cos sac4^ 

— tp (sa •+• n) (sa + n — 1) A“+„Pj;+„ cos sot^ 

+ i (1 - (x») A*.;+„ PJ:+„ cos sa^ j 

» 2 2 1 /BS+h (sa + n)(sa + « 4- 1) PX+» mo 

+ iBS+„sa22 (^;.V„(sa, sa+n)hjP"+,.8in ne^ 

r m 

where (r — s) most be odd. 

* See MuBobert, ‘ Froa, Bdin. Math. Soo.,* vol. 42, p. 88 (1026). On the methode e( 
caloulatiag the ooefBoients (s, a), tee 1, pp. 70S>7DA. 


ra+m 
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This taspsoBaon may be made to vanish, and the conditions under whidh the 
first equation of (9) may be satisfied thus found, by equating to aero the 
coefficients of Pj;+„ sin We then find 

/B«+« (m + «t) (ra + w -f 1) 


+ i S L [ B;;+„«oyS+„ (sa, sot + n)ft; 

- K^n ± (sa, »« + « + 1) 6f 

2(S«4-w) + l + T T ; r 


0. 


( 11 ) 


In similar fashion the second of equations (9) produces the result (for the 
case of the free oscillations in which C = 0) 


(ra + m) (ra + »n 4- 1) {/* — p (ra + m) (ra + m +1 )} 


— »/S S [ sa A;:+„aJC+m («*. «« + «) 

= 0. 



In these equations r, m, s, n may take any integral values subject to the 
condition that r — s is always odd. There is consequently a double infinity 
of pairs of linear equations to determine the coefficients 
It is to be noticed that since (^) 4* n) involves the integral 

dp, this quantity is zero except when m, n ate both even 

or both odd. This places a farther restriction upon the terms that may appear 
in equations (II) and (12), 

An analogous result may be found when C ^ 0 and applied to the case of 
the forced oscillations. 


§3. Simple Properties of Ae SquaHona. 

Examination of equations (11) and (12) shows at once the following simpie 
piopertiM: — 

(a) nie term A| does not appear in eithw equation. 
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(P) Since r — 5 is always odd (and we assume / to be real) the coefficients 
A*** and may be divided into two sets. Taking those with r even to be 
real, it is clear that those with r odd will be pure imaginaries. On m a kin g up 
the final results therefore we shall have A*"* and with even r associated 
with cos at and A*"*, B*"" with odd r associated with sin at. 

(y) K, leaving A*^*, B**® with even t unchanged, we change the signn of / 
and those A**®, B^® with odd r, the equations remain unchanged. Or conversely, 
a change in the sign of / is accompanied by a change in the signs of A^*, B*"* 
with odd f . This result is important, as in what follows it will appear that the 
values of / occur in pairs with equal values and opposite signs. 

If we write w = P cos ai + Q sin at^ where P is the sum of certain terms 
with even values of r, and Q is the sum of other terms with odd values of r, 
then, since a change in the sign of / (or a) produces a change in the sign of Q, 
it follows that the motions represented by ±/ are the same, and only one sign 
of/ need be considered. 

(8) The values of r and 8 permissible are restricted by the condition that 
r — « is to be odd. A further restriction on the integers also occurs. Since 

the coefficient SfJr(«a, w) involves the integral PjPj*dp which vanishes 

except when tw — ra, « — sa are both odd or both even, certain further terms 
become sero. 

(e) Bearing in mind that / === a/2co and p = it is evident that as 

0-^0 the equations reduce to the results : — 

BJ* = 0 for all values of r and n, 

AJJ* is arbitrary, and 
o* = ^hn(n + l)/a2. 

This is the well-known solution for the case of no rotation. 

(?[) Prom the property of the coefficients in {8) it follows that in any equation 
if the difiference of the suffixes of AJj is even, that of the sufiSxes of any Bjf* must 
be odd, and conversely. 

§ 4. Approxmate Sohuiom of the EqxuUiom. 

It will be assumed that a finite number of terms in the series (10) will give 
an approximation to the solution of equations (1), Since ^ = (A/a)A(p), the 
smallest number of terms in the expansion of p that may be taken in order to 
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an adequate idea of the motion is two — one real and one imaginary. 
From the work of Hough* it may be concluded that these two terms will pre- 
dominate, and that the other terms in p will form a double series receding from 
these predominant terms. Further, it would appear that any two terms in p 
may be chosen as the predominant terms and corresponding results evaluated. 

Two terms must also be chosen in the expansion for q. It is not clear how 
they should be chosen, for they cannot be entirely arbitrary. 

In working out the lowest mode it is natural to select the two lowest terms 
in A and the same in B, provided we have one real and one imaginary in 
each case. But with higher modes, corresponding to it is best to take 
B**!! or though this may have to be modified by judgment in special 
cases. 

We proceed to take numerical values and solve the equations approximately 
in order to obtain an idea of the nature of the free oscillations. For simplicity 
and also because it corresponds roughly to the Atlantic Ocean, we choose the 
meridians 60® apart, making a = 3. As the depth we take h = 12,880 feet 
which gives p = = 1/22*54. 

I, Loumt Synimdrioal OmllaJtim . — Restrict the terms to A^ A®, BJ, B}. 

The equations to be solved are then : — 

6 (/* - Op) AS - ij\ UKgl (3, 3) - B-K (»• 5) 

+ 5-^.<;S(3,3)}] =0. 

12 (/» - 12P) - if\ - (6. 8) 

20/B5 + i I 6B?j75 (6, 7) 14 - m sJ (0. 3) 

56/B? + i [sBJff? (3. i) bl - AifrJ (3, 4)] = 0. (18) 


* ‘ Phil, ^rrans.; A, vol. 191, p. 160 (1898). 
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The coefficients work out as follows, logarithms beiog indicated : — 

( 6 , 7) = w [3-31178] ; 3^? ( 8 , 4) = [5-46860] ; 

(3, 4) bl = [S • 31249] ; 3al^^ (3, 3) = « [1 -32416] ; 

(0, 3) + (0, 1)} 6 ? = n [2-14867] ; 

{ (3, 5) + ^, (3, 3)} o5 - [1-99282] ; 

{f 17? ( 6 , 8 ) + ~ffl ( 6 . 6 )} of = [4-43876]. 

The form of equations (13) indicates that the eliminant of the oonstants 
A, B, will be a cubic in/*. For the given numerical values the cubic is 

/« _ 0-876/* + 0-161/* - 0-000746 = 0, 

the solutions of which are /* = 0-617, 0-264, 0-00476. Of this triad of roots 
the &Bt two correspond to those given by o* == 12 sf^/a*, ^A/o* for no rotation. 
The third belongs to the oscillations of “ the second class ”* which become steady 
motions in the limiting case of no rotation. On completing the calculation 
we have the following- results which approximately represent the motion. 

(i) /• = 0-254, / = 0-604, period = 23-8 sidereal hours. 

A« = 1, Af = - 0-000441. 

= A/a A(p), therefore omitting an arbitrary constant we have 

^ = 6 P 2 cos at ~|- 0-00528 P? cos 3^ sin at. 

There is an amphidromic point at <f> = 30°, (x = l/V®, and the direction 
of rotation of the nodal lines is positive. 

(ii) /• = 0-617, / = 0-785, period = 16-3 sidereal hours. 

C = 6 Pg cos (T< — 1 - 59 P* cos 3tft sin at. 

There is an amphidromic point at ^ = 30°, p. = 1/^3, and the direction 
of rotation of the nodal lines is negative. 

(iii) /* = 0-00476, / = 0-0689, period = 7-2 sidereal days. 

IJ = OPg COB at -j" 0-512 P| cos 3^ sin at. 

* Hough, loc. f.it.. p. 159. 
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The direction of rotation of the nodal lines is positive. 

These directions of rotation correspond exactly to those found by Lamb 
for a flat rotating circular basin.* 

II. —It has been shown that for a similar ocean there would seem to be a 
free oscillation with a period not far from those of the semi-diurnal tides. 
We proceed to find this period in the present case. 

Take as principal coefiioients the set AJ, A|, BJ, B?. 

The equations to bo solved are : 

20 ( p ~ 20p) A“ - 3AK/* (3, 5) - BJaJ ffS (3. 5) 

+ (3, 3)}] =0. 

30(/*-30fi) A^-^/| 

= 0 . 

20/ i [ 6B?^J (6, 7) hf - AJ (0. 5) 

+ ^^«7J(0. 3)|6S] = 0. 
56/B? + i j 3BJ<7? (3, 4) 6> - A? (3, 6) ‘ 

We have also : ( 14 ) 

^ (6, 7) 61[ = n [8 -31178] ; (3, 4) 6J = [5-45860] ; 

(f (0. r>) + fg\ (0, 3)} 6? » n [2 -81823] ; 

9^ (3, 6) + ^ (3, 4)} 6‘ = [5-91068] ; 

(f (fl (3. 5) + f <;2 (3. 3)| aj = « [2-48766] ; 

{f si (6, 8) + ^ gl ( 6 , 6)} a\ = [3-81313] ; 

3gS (3, 6) oj = n[2- 26683]. 


* “ Hydrodynamion,” S ed., p, 327. 
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On taking these values in equations (14) and eliminating the ooeffioienta 
A% A^, BJ, By, the following equation results : 

/«-2-307/«+ 1-238/2 — 0 0062 = 0. (16), 

The positive roots ate f^— 1-37, 0-931, 0*0049. The general character of 
those roots is as before. We take the complete solutions in detail. 

(i) /*= 1-37, / = 1-17, period = 10*3 sidereal hours. 

= 20 P 4 cos ot — 0- 59 cos 3^ sin at. 

The equation of the nodal lines is 



I- (36(j.« - 30 1x2 + 3) 

The amphidromic jwints as given by this approximation w^cur at 

^ = 30", (x = 0-35, 0-86. (16) 

The direction of motion of the nodal lines is negative. 

(ii) /* = O' 931, / = O' 966, period = 12-4 sidereal hours. 

31 = 20 P 4 cos at + 0'00224 P| cxjs 3^ sin at. 

The amphidromic points are as in case (i), but the direction of motion is 
positive. 

(iii) /* = 0'00488, / = 0-070, period = 7*1 sidereal days. 

^ = 20 P 4 cos of + 2*04 P| cos 3^ sin at. 

The direction of rotation of the nodal lines is positive. This is an oscillation 
of " the second class.” 

In view of the importance of case (ii) of this set it is desirable to proceed to 
a further approximation. This will also have the advantage of exhibiting to 
some extent the degree of accuracy obtained in the preceding approximations. 
Starting with the values already obtmned viz., 


/» = 0'931. A® = 1 , A? * ni [6'87342], 
BJ = ni [3'47870], B? = «[7'17299], 
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we proceed to find approximate values ot the adjacent coefficients by substitut- 
ing the stated values in equations (11) and (12). The following are the results : 

= »: [5 • 18808], A? =- w f 7 • 87364], 

A« = [ • B07634], A« = [8 • 25827], 

AS [1-57963], A? = n [2-67305], 

Bii ---- i [i -86681 1, B2 :•= n [9-64308], 

Hi';, - m [11 -83713]. (17) 

The tiqiiations (14) are now made more exact by the inclusion of the nine 
constants of (17) with the approximate values just derived. The left-hand 
numbers of equations (14) are now found to be equal to small numerical 
quantities instead of zero. These numerical quantities may be transferred 
to the left-hand side as additional coefficients of A, (which has the value unity). 
The eliminant of this new set of equations gives 

/“ - 2 • 307 f* + 1 -288 P - 0-0154 0 

instead of equation (15). The relevant root of this equation is 0-911, or 
/= 0-964. 

The value of 0-911 is just over 2 per cent, different from the first approxi- 
soation 0-931. Hence we may regard the former value as fairly reliable and 
may also regard the values of the periods of the various modes as given by the 
first approximations as probably correct within about 5 per cent. 

The period therefore of one of the symmetrical modes of free oscillation of an 
ocean bounded by two meridians 60° apart and of depth 12,880 feet is 12-6 
sidereal hours, or 12 hours 33 minutes of mean solar time. 

The value of/, 0-964, which has just been obtained, is extremely close to 
the value, 0-9626, for the lunar semi-diurnal tide Mj. This indicates that 
the Mg tide will be largely magnified by resonance in such a basin as we have 
considered in this investigation. This result confirms the theory already 
put forward by the writer in previous papers, loc. cU., I, p. 717 ; III, p. 16. 

In the third of the previous papers the Mg tide was worked out for an ocean 
aimilar to the ocean now considered and the co-tidal lines were drawn. It 
is interesting to note that the approximate positions of the amphidtomic 
oantres found for the free oscillations of the appropriate mode in this paper 
arc nert far from two of those found for the Mg tide. From result (16) the 
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amphidromic points are at ^ = 30°, 0 = 20*5°, 59*2°, For the tide the 
positions were fonnd to be ^ = 30°, 6 = 28-6°, 46®. 

The inclusion of higher terms in the series would doubtless improve the first 
set of results. 

Also, for the Mg tide two further amphidromic points appear which have no 
corresponding existence in the approximations of the present paper. But it 
is equally obvious that the inclusion of higher terms would allow for the 
appearance of these also. 

One arithmetical point remains to be noted. The series for p, q converge, 
arithmetically, fairly rapidly as the approximate values (17) show. When, 
however, we form the series for by the relation C = (^/a) A(p) the convergence 
is not so good. This explains why a few terms of p and q may give an accurate 
value of /, but more are needed to show the characters of the tide height C 
and the nodal lines. 


§ 5. Extensions of the Process. 


The solutions of the equations worked out in the preceding paragraphs 
have been arrived at only in the cases where the associated Legendre functions 
have integral orders and degrees. If it may be assumed that the expansions 
for p and q are valid in the more general cases and that, the further operations 
are also, permissible, then the methods given would apply to any width of 
ocean. For example, an ocean between two meridians 120® apart, corre* 
aponding roughly to the Pacific Ocean, would require a = 3/2, and the associated 
Legendre functions involved would be of the form The chief 

manipulative difficulty in such a case would be the calculation of the integrals 



though the methods used for the simpler forms 


occurring in this paper could doubtless be applied. 


Summary. 

In this paper the periods of the normal modes of free tidal oscillation of an 
ocean of uniform depth bounded by two meridians are investigated. 

Solutions of the general dynamical equations of the tides are assumed in the 
form of doubly infinite series of spherical harmonics with undetemiiiied 
coefficients. The relations between these coefficients are deduced as linear 
simultaneous algebraic equations. 
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The algebraic equatioas can be solved to a first approximation without 
much difiSculty, and in one case have been solved to a second degree of approxi- 
mation. 

The results show that free waves exist which travel respectively in positive 
aJid negative directions about the amphidromic points. There are also 
o4(jillations of “ the second class/’ 

An important free period of symmetrical oscillation is foimd, for a depth of 
12,880 feet, to be 12 hours 33 minutes of mean solar time. This mode is 
important in connection with the theory of the semi-diurnal tide. 


On the Rate of Oxidation of Monolayers of Unsaturated 

Fatty Adds. 

By Arthxjk Henry Hughes and ISric Kkightuey Rideai., F.R.S. 

-* (Received February 2, 1933.) 

Introduction. 

In previous (communications* the results of examination of the surface 
potentials of monolayers imder difierent states of compression and on different 
substrates were presented. It was shown, iiUer alia, that not only could 
information as to the orientation of the surface phase be obtained even in 
such complex cases as monolayers of proteins, but the effects of alteration of 
inclination as well as of adhesion of the polar groups to the substrate were 
capable of quantitative measurement. Marked changes in the surface 
potentials are obtained when the polar group \mdergoes chemical reaction 
such as in the formation of oxonium compounds by a ketonic oxygen or on 
ionissation of a carboxyl group, whilst changes of minor character are associated 
with a variation in the electrokinetio potentials of the film forming material. 
It is evident that it should be possible to foUow the alteration of surface 
potential with time in cases where a chemical reaction involving a change in 
the summation of the vertical components of the groups forming the effective 
double layer is proceeding in a monolayer. Reactions in monolayers at air- 


^Sohulauua and Ridaal, *Proo. Roy. Soo.,’ A, vol. 130, p, 250 (1031); Hughes and 
Rkbal, IHdL, V(d. 137, p. 62 (1932) ; Sohulman and Hughes, Ibid., vd. 133, p. 430 (1032). 
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liquid and liquid-liquid interfaces present, apart from their importance in 
biological processes, certain unusual aspects of interest in the sphere of reaction 
kinetics* In order to visualize these aspects in more detail we will consider 
a simple case, a monolayer of oleic acid distended at an air-liquid interface 
undergoing oxidation by means of a dilute sblution of an oxidizing agent such 
as acid permanganate present in the substrate. The oxidation proceeds in bulk 
phase quite smoothly, the double bond undergoing progressive oxidation to a 
dihydroxy and ketonic acid respectively before rupture of the chain ensues. 
In a highly expanded film of oleic acid the double bond is extended on the 
substrate and the molecular orientation of the reactant is such that the double 
bond in every molecule is equally accessible to the oxidizing agent, the MnO ”4 
ion. On compression of the film the surface density of molecules increases and 
eventually when the molecular area attains some 30 A.^ the limit of film stability 
is reached and the film collapses. Corresponding to the increase in the number 
of molecules of oleic acid per square centimetre one should anticipate an increase 
in the velocity of oxidation of the film, provided that we ensure the constancy 
of the active mass of the other reactant, the MuO '^4 ion. The velocity constant 
should also vary exponentially with the temperature providing a measure of 
the apparent energy of activation in the usual manner. A closer consideration 
of the system, however, reveals the fact that at some point during the process 
of compression the reactive group, in this case the double bond, will be removed 
from the water surface by the compression of the molecules constituting the 
monolayer. If it were not for the fact that the molecules were in thermal 
agitation, once this critical point had been reached all the double bonds in 
the surface would be rendered inaccessible to the oxidant, and reaction would 
cease. On further compression the hydrocarbon barrier now erected between 
the layer of double bonds and the oxidant in the substrate increases in thickness 
until either the molecules in the film become vertically orientated or, as generally 
happens, the film collapses. Owing to thermal agitation, however, the surface 
molecules are not at rest, and double bonds can penetrate the hydrocarbon 
barrier and attain access to the oxidant. The ease of penetration will depend 
both on the thickness of the barrier and on the mobility of the molecules, 
which will be influenced both by the temperature and their cohesion. We have 
under these conditions a reaction, the velocity of which is determined not 
only by the usual factors such as the collision frequency, and the probability, 
and magnitude of the energy transfer involved in activation, but in addition 
by what may be defined as an accessibility factor, the accessibility coefficient 
being unity in highly distended films but zero in highly compressed rigid films. 
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It may not be vrxthout biological significance that in the sjrstems eKamined 
in this communication a very large change occurs in the accessibility coefficient, 
and thus in the magnitude of the reaction velocity coefficient as a result of a 
relatively small change in the compression or surface tension of the interface. 
We may note that this molecular orientation as an important factor in reaction 
kinetics must often be present in heterogenous catalpis at solid surfaces, 
in the dependence on the pressure of the rates of hydrogenation of unsaturated 
hydrocarbons examined especially by Schuster,* but as yet we have no exact 
knowledge of the actual configuration and change in orientation or alteration 
in the surface density of the adsorbate in such systems. 

Similar considerations are clearly applicable to reactions in bulk phases 
where only specific portions of large and complex molecules are involved, as 
examples of which may be cited the polymerization of unsaturated hydro- 
carbons or in the combination between the dextro and l«evo forms of complex 
organic reactants discussed in detail by Mills.f 

In the following pages are described the results obtained on the examination 
of the rate of change of surface potential observed with monolayers of four 
unsaturated fatty acids : oleic, petroselinic, Aap iso-oleic, and chaulmoogric 
acids ; a series possessing the unsaturated double bond in various positions 
relative to the polar carboxyl group. The structures and melting points of 
the specimens used are set out in Table I 


Table 1 


Acid. 

1 Structure. 

i 

Melting point. 



X. 

Oleic 

CH=.CH(CH,),COOH 

ch,(ch,)„ch=«uh(CH,)4(;()oh 

11 

cM-petroselinio 

30 

iso-oleic 

Ohftulmof^ric 

CH,(CH,)uCH-^CH . COOH 

ch; ^ch 

60 

1 >CH . (CHj)„ . COOH 

68 


CH* CH* 



Experimental 

The change in the air-liquid potential difference caused by the deposition 
•of a unimolecular film on an aqueous surface was measured by the method 
described by Schulman and Rideal (he cU.). In working with an underlying 
solution containmg potassium permanganate a modification was necessary 

* - Z. Elektroohem./ vol. 38, p. 617 (1932). 
t * Presidential Address, B.A.* (1932). 
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in the electrode in contact with the solution. Satisfactory results are obtained 
with a bridge as follows : Ag/N/ 100 H 2 S 04 /N/ 100 H 2804 + KMn 04 /air, the 
potential of such a system remaining constant to 1 mv, for several hours. 

Measurements of the two dimensional surface pressure of the films were 
made on a Langmuir- Adam trough sensitive to 0*2 dyne/cm. 

The films were spread for oleic, petroselinic and ap iso-oleic acids from dilate 
solutions in 60'’-80'^ petrol ether, and for chaulmoogric add from benzene 
solution. The volume of solution expelled on to the surface was measured by 
a micrometer syringe. 

Wc are indebted to Professor T. P. Hilditch for a specimen of ci«-petro- 
selinic acid, to Dr, N. K. Adam for a specimen of ap iso-oleic acid and t^o Mr. 
H, Eyde for a specimen of chaulmoogric acid. 

Expekimental Results. 

Oleic and cvi-petroselinic Acids, 

It was shown by Adam* from a study of force/area characteristics that a 
film of oleic acid underwent a profound change on an acid solution of potassium 
permanganate at a concentration of about 1 per cent. The film on dilute 
add alone is a liquid expanded film of uormal type with a limiting area of 
about 65 A.® per molectile at room temperature, but in presence of the KMn 04 
is converted into a vapour expanded film with a limiting area certainly greater 
than 100 A.’* per molecule. The suggested interpretation was that the double 
bond in the centre of the molecule was anchored to the surface much more 
strongly under the influence of the potassium permanganate. 

In the experiments to be described the behaviour of the film was examined 
on a solution containing a very much smaller concentration of KMn 04 , in 
an attempt to regulate the conditions so that the kinetics of any chemical 
change occurring in the film might be followed. 

In fig* 1 is shown the relation between the surface potential (AV) for the 
film and the number of molecules (n) per square centimetre for a film gt oleic 
acid on N /lOO H 2 SO 4 (or HCl). The general form of curve is that of an expanded 
film as obtained for myristic acid under the same conditions (included for 
comparison in fig. 1), Film collapse occurs at a larger area (30 A.^) for oleic 
acid than for myristic acid* 

It is important that addition of 1 per cent. KMn 04 to the N/lOO H 2 SO 4 
has no effect on the myristic acid film. With the ol^c acid, however, the 

* Adam and Jessop, ‘ Proc. Roy. Soo.,* A, voL 112, p. 362 (1926). 
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iiutaBtaneous surface potential of the film placed on the snrfaoe at, say, 60 sq. A. 
per molecule is about 270 mv., t.e., some 100 mv. higher than in the absence 
of the K 3 fci 04 . This potential rapidly falls, about 100 mv. in the first 10 
minutes at 20® C., and in 90 minutes the film has almost completely dis- 
appeared. 

Under these conditions it appears, therefore, that a rapid oxidation of the 
oleic acid has taken place resulting in an initial increase of potential, but that 



the ultimate products of oxidation are sufficiently soluble to diffuse away into 
the underlying solution. 

By greatly redudng the concentration of the permanganate it was found 
that the first process could be conveniently studied with time. 

With a concentration of 0*0015 or 0*0080 per cent. ElHn 04 the value of 
AY, initially that of oleic acid on N/lOO H«S 04 alone, rises rapidly at first 
and then more slowly to a maximum value in 10 to 20 minutes according to the 
cmaditions of experiment. 

The maximum value of AY attained varies with the initial value of the area 
per molecule and a smooth curve may be drawn omresponding to a fairly 
staUe film of “ oxidised oleic acid ’* and coincides with the graph of AY/n 
ohtabed on compression of a film which has been deposited at a large area per 
molecule, say, 200 sq. A., and left untU it has reached a steady potential. 

■ .VCWE** CJ3CI***"*(tA* S 
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The curve is shown in fig. 1 , the oxidized film bdng uniform down to the largest 
areas investigated, about 600 sq. A. per molecule. After reaching the maximum 
value corresponding to the oxidized film the potential begms to decrease slowly 
owing to solution of the film. The oxidation has continued presumably to 
the stage of fracture at the double bond, and a fragment with only nine carbon 
atoms will not form a stable unimolecular film. 

A further point of importance is that a film of oleic acid deposited at an area 
per molecule of say 70 sq. A. is not uniform initially, but is composed of patches 
of the expanded film in equilibrium with the vapour. The latter has a much 
smaller surface potential, about 10 mv. as against 100 mv. for the expanded 
film. When such a film is spread on the dilute KMnO^ solution a preliminary 
process of anchoring of the film is observed. The potential remains nearly 
constant imtU the whole surface is uniform in potential at about 160 mv. 
it then rises to its maximum “ oxidized film ” value. 

For petroselinic acid the general behaviour of the film on dilute acid alone 
and in the presence of potassium permanganate is very similar to that of oleic 
(fig. 1 ). It forms an expanded film with limiting area of 52 sq. A. per molecule, 
and is oxidized with increase of surface potential to a vapour expanded film 
which slowly goes into solution. The striking difference between the two 
acids in relation to the velocity of oxidation, is discussed in the following 
paragraph. 

Kinetioa of the Reaction. 

In fig. 2 is plotted a family of curves of the change of surface potential with 
tune for a unimolecular film of oleic acid on 0*0015 per cent. KMn 04 in N/lOO 
H 1 SO 4 , at varying number of molecules per square centimetre. 

The course of such a curve is dependent on a number of factors. In the 
first place it appears that two reactions are taking place : ( 1 ) a preliminary 
oxidation of the central double bond presumably to a dihydroxy compound 
CH, (CH,) 7 -CH( 0 H) . CH(OH) . (CH,) 7 COOH, which tends to lie flat on the 
surface (i,e., to vaporize the film) followed by a splitting of the molecule in 
the centre to a oarboxy and a dicarboxy acid of nine carbon atoms, which 
latter are slowly soluble in the underlying solution. The rate of diffusion will 
thus be influenced by the rate at which the final products diffuse away from 
the surface, and also by the rate of replenishment of the oxidizing agent in 
the Surface layer. 

As an approximation we may suppose for the preliminary reaction that if 
the total number of molecules per square oentimette be “ n,” and that at time 
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“ t ” there are present with resolved vertical dipole moment pi, tia with 
resolved vertical component p, for the reactant and product respeotivelj, then 

AV = 47t(»iPi + »,pa) and nj -f »a =® »»• 



Via. 2. — Oxidation of oleic acid /^V/time by O-OOS per cent. KM ])04 + N/lOO H^ 04 , 
14° C., varying number of mola./aq. cm. (n). 


Curve* 

1 n* 

Curve. 

n. 

A 

2*84 X XOi« 

D 

1-68 X 10« 

B 

2-66 X 10^* 

E 

109 X 10« 

C 

2*22 X 

F 

0*83 X 


Assuming the unimoiecular law 

^ *= dTt (Pi - p,) ^ = - 47tK(pi - p^«i, 

while 


( 1 ) 


AV as ItWi (pi — p») + 47tnpi 
« 47mi (pi — p,) + AV„ 
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where AV* == maximtan potential attained = drtn pt,. 


therefore 


or «j == 


AV - AV, 

4;r{pi — p,) 


2^ = -K{AV- AV«). 


( 2 ) 


The values of K evaluated by applying equation (2) are found to be constant 
over a range of about 6 minutes during the early part of the reaction. It is of 
interest to plot K against n, the initial nmnber of molecules per square centi- 
metre in the film, and to compare the results for oleic acid with those obtained 
for petroselinic acid, the latter acid having the — CH = CH— bond three 
carbon atoms closer to the terminal — COOH group than has oleic acid, fig. 3. 

The main feature of the graph is the rapid decrease in reaction velocity as 
the area per molecule in the film is decreased below about 55 sq. A. for oleic 
acid, but only below about 40 sq. A. for petroselinic acid (K 2*303 k). 



Fig. 3. — Velocity constants [k] oxidation of (1) oleic otnd, (2) petroselinic acid, 0*003 per 
cent. KMn 04 + N/lOO HsSO^, 16“ C, 


It is imi>OBsible completely to inhibit reaction in either case, but at the highest 
compreesions the rate of oxidation is reduced certainly tenfold ; an accurate 
value of K cannot be obtained in this region owing to the very small changes 
in AV concerned. 

While there is no absolutely sharp point during compression at which the 
reaction velocity falls off from its maximum value, owing to the thermal 
agitation of the molecules in the film, yet it is of great significance that the 
difference between the approximate areas per molecule for the two acids when 
this decrease is observed corresponds to the area of three CHg groups lying in 
the surface, namely, S x 2*5 X 4*5 sq, A. ^ 17 aq. A. Since in petroselinic 
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acid the CH »s CH bond is three carbon atoms nearer to the terminal COOH 
group than in oleic acid it seems justifiable to conclude that the observed 
difference between the two acids is in reality due to the double bond being 
removed from the vicinity of the oxidizing agent at an earlier stage of com- 
pression for oleic acid than for petroselinic acid. 

A further point of interest is noticed in regard to the change in two dimen- 
sional surface pressure (F) concomitant with the reduction in reaction velocity. 
For oleic acid an increase in F of only 1 dyne per centimetre will halve the 
reaction velocity, and for petroselinic acid a change of about 9 dynes per centi- 
metre is required to effect a similar reduction. 

The surface pressure curves are included for reference, fig. 4. 



n MOL5 P£R SC’ CM 


Fia. 4. — Foroe/n curves ; N/lOO 15“ C. 

Aap isooleio Add. 

The general behaviour of ap iso-oleic acid as a unimolecular film presents 
some striking contrasts to that of oleic or petroselinic acids under the same 
conditions, t.e., on N/lOO HCl at 20® C. 

As shown by Adam* the force/area characteristics of this acid under these 
conditions are those of a liquid condensed film with a large limiting area 
(28*7 sq. A.). The limiting area here found is rather smaller, namely, 26*4 
eq, A. per molecule, as shown by the surface pressure curve, fig. 5 (A). This is 
probably a more accurate value, owing to improvement in the method of 
spreading the film. 

* ‘ Proo. Roy. 8oc./ A, vol. 101, p. 462 (1922). 
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The values obtained for the surfaoe potentials are plotted in fig* 6 (C)* The 
film is uniform in potential at areas below 26 • 1 and a potential of 610 mv. ; 
the AV/n curve in linear from 26*4-23 A.® per molecule but shows a slight 
break at 23 A.® ; film collapse taking place at about 19*5 A.® per molecule at 
766 mv. 

These values of the surface potential provide interesting evidence as to the 
properties of the — CH = CH— bond in the position as distinct from its 





MOI.& /S Q.CM. M0L5/ SO . 

FlO* 6* — Surface pressures and potentials, N/lOO H1SO4, 15 *^ C. A, oleic acid ; B, palmitio 
acid, oxidized iso-oleic acid ; C, iso-oleic acid ; D, palmitio acid, oxidized iso-oleic acid* 

properties when removed some distance from the terminal — COOH group. 
Thus the vertical component of the electric moment per molecule ((i) calculated 
from the Helmholtz equation AY = 47m(t is very much larger for the iso- 
oleic acid than for oleic or petroselmic acids as is seen from the values given in 
Table II ; the value for the a^-acid being about double that for the other two 
aoidB. 

Table H. 


Oleic acid Liquid expanded .. 

BstroieUnic acid m *# 

^ iso-oleio add „ condensed 

Chaulmoogrio add m expanded .. 

Hyristioadd „ „ 


2*1 . 10“** e.s.u* per moL 
2 *1. MH* 

4 * 2 . 10 "» 

26 . 10 -w 

IS. 10*^ 
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The close proximity of the — CH=»CH— bond to the dipole system of the 
carboxyl head clearly causes a marked distortion of the former, resulting in an 
increased dipole moment in the sense indicated : — 

+CH 

\ 

-CH 

/ 

+C 

/\ 

-0 0 - 
H 

The double bond would appear to have only a small dipole moment when 
removed by at least four carbon atoms from the carboxyl group ; the valnee 
of {JL for oleic and for petroselinic acid being identical within e:q>erimental 
error. Whether this small effect is that of the — CH=CH— group jwr or 
an induced effect along the hydrocarbon chain is impossible as yet to decide. 

The oxidation of iso-oleic acid has been examined on very dilute potassium 

permanganate solutions, in N/lOO HjSO^. 

With a concentration of 0*003 per cent. KMn 04 an immediate rapid decrease 
in surface potential takes place, and is complete in about 20 minutes. The 
resulting film on examination by compression proves to be a liquid condensed 
film having a surface potential and a surface pressure curve identical with that 
of palmitic acid, fig. 5 (B) and (D). The area per molecule at any given potential 
for the oxidized iso-oleic acid on dilute EMn 04 solutions is, however, about 
6 per cent, smaller than for palmitic acid, indicating the formation of a second 
product which is not remaining in the unimolecular film. Le Sueur* obtained 
by graduated oxidation of iso-oleic add, first the dihydroxy stearic add 
and finally palmitic add. The dihydroxy add is much more soluble in water 
than palmitic add and would dissolve rapidly from a unimolecular film, thus 
accounting for the apparent decrease in area per molecule of the stable film of 
palmitic add. On 1 per cent. EMn 04 the oxidation of iso-oldc acid is 
complete in 2 minutes at 15° G., and the oxidized film coincides in molecular 
area and surface potential with that of palmitic add. 

The behaviour of a film of palmitic acid was found to be the same on N/lOO 
HaS 04 whether potassium permanganate was present in the solution or not. 

One curious point was noticed, namely that the oxidized film of iso-oldc 
add became solid at high compressions, bdow about 20 sq. A. per molecule 



* ‘ J. Ohem. Boo.,’ vol. 8S. p. 1708 (1904). 
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while palmitic acid itself does not give a solid condensed film under these 
conditions. This rigidity of the film obtained by oxidation may be due to the 
presence of some precipitated oxide of manganese beneath the film. 

It will be noticed that with oleic and petioselinio acids the oxidation is 
accompanied by an increase of surface potential with a subsequent slow decrease 
owing to solution of the products of oxidation. For aP iso-oleic acid no 
increase is observed, but only a continuous decrease. If the first step in the 
oxidation is, as supposed, the formation of ap dihydroxy stearic add, the surface 
potential of this acid must be equal to or less than that of ap iso-oleic acid. 
The second step, involving the disruption of the ap linkage must, further, be 
proceeding much more rapidly than for oleic or petroselinic acids under the 
same conditions. 


Chaulmoogric Add. 

On dilute acid solutions (N/lOO HCl or H^04), chaulmoogric acid forms an 
expanded film with a limiting area of transition to a vapour film at 50 sq. A. 
per molecule. The AV/n and F/w curves are shown in figs. 1 and 4. 

The film is very imstable on compression and collapses at about 33 sq. A. 
per molecule at 7 dynes per centimetre, a much lower pressure than that for 
oleic or petroselinic acids, of. fig. 4. Examination of the surface potentials 
shows that the film is uniform over the range 60-33 sq, A. per molecule. The 
correspbnding value of the vertical component of the electric moment per 
molecule (p) is 2'6.10~^ e.s.u. This value is considerably larger than that 
‘ for oleic or petroselinic adds under the same conditions and indicates that 
the double bond, here present in a five ring, is definitely more polar than that 
in a straight chain, of. Table II. 

Examination of the behaviour of chaulmoogric acid on 0*008 per cent. 
ElMnO| shows that there is an immediate rise in surface potmitial followed by 
a slow decrease, the film disappearing almost completely in 3 hours. The 
maximum values of the surface potential correspond to a vapour eiqMmded 
film, fig. 1. The same process of expansion can be traced when a fibn of 
chaulmoogric add is deposited on the surface at an area equivalent to, say, 
600 sq. A. per molecule, as was observed for oleic or petroselinic acids. 

In order to follow the Idnetios of the initial process of oxidation it was 
necessary to use a more dilute solution of potassium permanganate. With 
0*0003 per cent. the initial rise of potential was complete in about 10 

minutes, and again followed an approximately unimolecular rdation. With 
the more dilute solution, however, the velocity constant derived in the same 
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maxmer as for oleic or petroselinic acids remains constant at A; I'S mins,^^ 
over the whole range of compression of the film. 

The question as to the position of the double bond in the film of chaulmoogric 
acid is difficult to decide. From the rate of oxidation of the film it is clear 
that the double bond in the five ring has ready access to the surface layer. 

It has been shown that a film of oleic acid oxidizes oioly very slowly at an 
area |>er molecule of 30 sq. A., the double bond being removed by seven carbon 
atoms from the carboxyl group. In chaulmoogric acid the double bond is 
removed by thirteen carbon atoms from the carboxyl group. If, therefore, 
the double bonds are out of the surface the rate of oxidation at the same area 
per molecule would be expected to be much smaller for chaulmoogric acid 
than for oleic acid ; which is not so. The range of area 60-33 sq. A. would 
preclude the possibility of the double bonds of all the molecules being in the 
surface, since the double bond entails also the presence of a five ring, the area 
of which is at least 20 sq. A. It is probable, however, that a large proportion 
of the double bonds are actually in the surface and react very rapidly with the 
oxidizing agent. 

Chemical Reactivity and Dipole MonmiL 

It is of interest to compare the rate of oxidation of the four acids under 
discussion in relation to the values of y,, the vertical component of the electric 
moment per molecule, given in Table II. 

For oleic and petroselinic acids, where p. is almost exactly the same, the 
reaction velocities at areas where the double bonds are equally available are 
also approximately the same (fc = 0*2 mins."^), with a concentration of 
0*003 per cent. KMn 04 . 

For chaulmoogric acid with the same concentration of KMnOi, the reaction 
velocity is too great to be measured, but at one-tenth this concentration the 
reaction velocity is of the same order, i = 1-3 mins.*^. The value of p- is 
correspondingly larger, presumably owing to the deformation of the double 
bond by virtue of its presence in a five ring instead of a straight chain. 

Turning to iso-oleic acid the deformation of the double bond is very 
marked, as indicated by the high value of (x =» 4-2 . 10“^® e.s.u,, and the 
reaction velocity is too great to be measured even on very dfiute KMnO^ at 
0^0003 per cent. 

It is not possible at this stage to assert a definite relation between reaction 
velocity and dipole moment, yet since it is probable that reaction velocity is 
dependent on the deformabiUty of the reactive group, here the double bond, 
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the suggestion may be made that the values of the electric moment (fi) may 
indeed provide a measure of the deformability. 

Products of Oxidation. 

The course of the oxidation of a double Bond by potassium permanganate is 
known to take place through the medium of a dihydroxy compound with the 
ultimate formation of two carboxyl groups. 

Fig. 1 shows the AV/w curves for the initial oxidation products of oleic, 
petroselinic and chaulmoogric acids. The films are vapour expanded, as 
would be expected for a molecule with two polar groups near the centre of 
the molecule in addition to the terminal COOH group. The value of (x is 
6*0. 10“^* e.s.u. per molecule in this vapour expanded film for chaulmoogric 
and oleic acids, and only slightly smaller for petroselinic acid. 

Allowing as a rough approximation 2*0. 10^^® e.s.u. per molecule for the 
carboxyl group, and assuming the various dipole moments to be additive, we 
arrive at a value of fx = 3-0 . e.s.u. for the initial oxidation product of 
one double bond. This is certainly larger than the value for one OH group, 
which is 2 • 0 . 10-^® e.s.u. as found for the expanded film of a long chain aliphatic 
alcohol (Schulman and Hughes, loc. and is probably the value corresponding 
to two adjacent OH groups lying flat in the surface. 

Further, oxidation of these three acids involves a splitting of the molecule 
into short chain fragments, and as has been observed, the film slowly dissolves. 
It is only with ap iso-oleic acid that the final oxidation product can be traced 
and identified, rupture of the double bond splitting off two carbon atoms and 
leaving a stable film of palmitic acid. 

Aat4mdation in Surface Films. 

A study of the properties of unimolecular films of a and p eleeostearic acids 
reveals some features of interest in relation to autoxidation. 

The a- and p-acids are respectively the cis and tram modifications of the 
doubly conjugated system : — 

CHa (CHa)3-^CH==:CH-CH==CH~CH=CH (CH*), COOH 
(Morrell and Samuels).* 

We are indebted to Dr. Morrell for the gift of specimens of these acids ; the 
melting points were : — a-acid 48'’ C., p-acid 71® C. Benzene was used as 
solvent in spreading the films. 

* ‘ J. Chem. Soc.; p. 2251 (1932).7j 
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On dilute acid solutions both the « and ^ acids spread to a unimolecular film 
which undergoes spontaneoxis oxidation, complete in 15 minutes at 20® C. The 
product forms a stable film with a limiting area of about 125 sq. A. per molecule 
in each case. At larger areas the film is non-uniform, showing fluctuations in 
surface potential of about 60 mv. This limiting area indicates that the molecules 
are lying flat in the surface, having increased adhesion in the centre of the 
molecule due to oxidation of the double bond system. 

Kg. 6, A, shows the AV/w curve for the final oxidized film of a- or fl-elseo- 
stearic acids, the same curve being obtained for both acids. 



[n] MOus/ 5Q.cn 


Fig. 6 . — a« and p-elaeoBteaxio acids, 20*^ C. A, N/lOO HOI or “oxidized” ; B, 

oc-aoid N/lOO HCl + 0, 12 per cent, hydroquinone ; 0, |3-acid, ditto. 

The electric moment per molecule of the oxidized acid is 8 0 . 10“^* e.s.u. 
per molecule in its most expanded state, i.e., when the whole molecule is lying 
flat in the surface. Again assuming as an approximation that 2 - 0 . 10-^® e.s.u. 
is the value for the terminal COOH group, there remains an electric moment 
of 6-0 . 10-^® e.s.u. per molecule for the oxidation product of the doubly con- 
jugated system. Now in dealing above with the oxidation of one double bond, 
the value 3*0 . l(h^® e.s.u. has been ascribed to two adjacent OH groups. It 
seems probable, therefore, that the autoxidation involves the oxidation of two 
of the three double bonds in the eleeostearic acid molecule. Further, on com- 
pression of the oxidized film it will be noticed from fig. 6 that a very sharp 
decrease in the vertical component of the electric moment per molecule takes 
place below 100 sq, A. per molecule. This must be due to the removal from 
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the surfaec of some polar portion of the molecule. The area of 100 aq. A. 
corresponds to approximately (100/125) X IB, f.e., 14 carbon atoms lying flat 
in the surface. Thus the oxidation process concerns at any rate the double 
bond in (he molecule remote from the terminal carboxyl group, and either of 
the following structures may be tentativelj^ assigned to the oxidation product : 

( 1 ) GH 3 (CHala CHOH . CHOH CHOH CHOH . CH=CH(CH 2)7 COOH. 

(2) CH 3 (CH 5 j )3 CHOH CHOH . CH : CH . CHOH CHOH(CH2)7 COOH. 

For either acid, the atmospheric oxidation as observed by the increase of 
surface potential with time, is completely inhibited by the presence of 0*12 
per cent, hydroquinone in the underlying solution, (N/lOO HCl). The values 
of the surface potential under these conditions are perfectly steady with time, 
but whereas for the a-acid, fig. 6 , B, the film tlius obtain(>d has the character- 
istics to be expected for the unoxidized unsaturated acid, and is comparable 
to that of oleic acid ; the ^-aeid, fig 6 , C, the film in the presence of hydro- 
qiiinone has a higher surface potential than has the a-acid, and only approxi- 
mates to uniformity in potential (i 15 mv.) over the range 50--35 sq. A. per 
molecule. This is the only point of difference so far observable between the 
uuimolecular films of the cis and irans forms of elseostearic acid. The behaviour 
of the (i-acid may be due to the formation of an unstable addition product 
with the hydroquinone, which cannot be formed with the a-acid. 

The antioxygenetic action of the hydroquinone varies markedly with its 
concentration in the imderlying solution. At a concentration of O’OOOl per 
cent, hydroquinone aiitoxidation proceeds xmchanged. At ten times this 
concentration the rate of oxidation is approximately halved, while at 0-12 
per cent, hydroquinone, the autoxidation is completely inhibited. 

On N/lOO H 2 SO 4 containing 0-0015 per cent. KMn 04 both the a- and p-acids 
undergo rapid oxidation involving a splitting of the molecule into short chain 
fragments whicli dissolve in the underlying solution, the reaction being too 
rapid to follow. 

Summary, 

( 1 ) The method of surface potentials has been employed to study chemical 
reactions occurring in a unimoleoular film ; the reactions examined being the 
oxidation by acidified potassium permanganate of long chain unsaturated 
aliphatic acids such as oleic acid. 

(2) With a concentration of 0-003 pet cent, KMn 04 in N/lOO KsSOa 
oxidation of a fully esqmnded film of oleic acid is complete in 15 minutes at 
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room temperature. The reaction velocity is shown to depend on the accessi- 
bility of the double bond to the oxidizing agent, and decreases markedly on 
compression of the film. Keaction velocity has been studied as influenced by 
the position of the double bond in relation to the polar carboxyl headgroup. 

(3) Autoxidation in a unimolecular film has been observed for the elceostearic 
acids, and the effect of hydroquinone as an antioxygen to this reaction has 
been examined. 


On Eddington's Problem of the Expansion of the IJnwerse by 

Condemation, 

By N. R. Sen. 

(Communicated by Sir Arthur Eddington, F.R.S. — Received June 20, 1932. — 
Revised January 10, 1933). 

1. The discovery of the general receding motion of the spiral nebulae by 
Hubble lent importance to the Friedmann-Leniattre solution of Einstein's 
field equations and it was promptly suggested that our present universe started 
from a static condition, and owing to certain unknown causes began expanding 
and has since been doing so continuously. Eddington'*' pointed out that the 
static Einstein universe was unstable and so “ exploded " (as Eddington put 
it) in some past age. Eddington suggested that the reason for explosion 
was the condensation of matter into stellar bodies out of the nebular mass 
uniformly filling up the Einstein universe. McCreaf and MeVittie, working 
on this idea, proposed a proof showing that for a single condensation the 
universe would start contracting, but for more condensations start expanding 
from the equilibrium state. This proof they have recently withdrawn as being 
erroneous, t Meanwhile, Lema}tre§ himself enunciated a theorem stating that 
condensation itself could not cause expansion or contraction, but it was the 
stagnation of energy (ultimately amounting to condensation) which disturbed 
the equilibrium and caused the universe to swell up, but McCrea and McVittie(| 

♦ ‘ Mon. Kot. R. Astr. Soo.,’ vol. IK), p. 668 (1930). 
t Ibid., vol. 91, p. 128 (1930) ; vol. 91, p. 274 (1931). 
t Ibid., vol. 92, p. 7 (1931). 
i Ibid., vol 91, p. 490(1931). 

II Ibid,, voL 92, p. 7 (1931). 
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showed that his proof was incorrect. Bddingtcm'a juMmi thus nauunt 

where it was when Gist proposed. . 

vaere H- « coackamtioaii, m mattw 

u to Mto «» » ? rf tk. Kmtoi »ito». 

whatever be then numb , necesB»n to state the limitation under 

^ /« of tie 

„AfrJi ^jio/e c/yse»s^joiiJS to be earned OD. in we e^ 
problem, factors other than merely gravitational aacb aa contraction, radiation, 
etc,, play a pari. Here we examine only one aapect, if a rcarrangomont of 
matter alone in the Einstein universe, apart A*oin otier conai<ieratjan«r, is in 


itself a cause of expamion ; counteracting effects which may probaWj’ be 
produced by other factors are beyond the scope of our enquiry here. We 
shall thus confine ourselves to a consideration of gravitation alone and examine 
the effect of a suitable rearrangement of matter, which as we shall see presently, 
we can easily imagine to take place infinitely slowly. 

The method of handling the problem can be briefly sketched thus. We first 
take the Einstein universe and imagine, as suggasted by Eddington, that 
round some irregularity (in the way of greater density) at a certain region, 



condensation of matter takes place owing to increased local gravitational pull. 
This condensation we take as a spherical mass which ultimately detaches itself 
from the thinly diffused material of the Einstein universe and is separated 
from it by a vacuum. Next we fit in three gravitational fields : (1) of the 
inner condensation for which we take Schwarzscliild's inner field of a spherical 
mass with constant energy density bounded by the spherical surface r = ; 

♦ I am greatly indebted to Sir Arthur Eddington for this suggestion in a private letter 
as well as for his oritioism which has been very helpful to me, 1 have also used a suggestion 
from him to put the argument at the end of paragraph 2 in its present form. For all 
this and the interest taken by him in this present paper I desire cordially to thank Sir 
Arthur Eddington. 
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(2) of the region from up to another spherical surface of radius (fg > 
in which there is Schwarzschild’s external field in empty space ; (3) of the un- 
disturbed Einstein tmiverse from Tq outwards. Suppose we succeed in estab- 
lishing the continuity of metric and pressure at the bounding surfaces and 
fo of (1) and (2), and (2) and (3) respectively. Next we shall calculate the total 
amount of matter (energy) in the condensed sphere (1) and the amount which 
was originally present in the Einstein universe within the spherical surface 
fo- To the first approximation, they will be found to be equal. Hence, if 
the material within the sphere of the Einstein universe be condensed into a 
spherical mass, the outside Einstein universe, will, to the first approximation, 
remain unaffected. A closer approximation, however, gives the total matter 
in (1) greater than the total matter witliin the sphere of the original Einstein 
universe. The formation of a condensation within leaving the outside 
Einstein universe unaffected, would require the presence of a greater amount 
of matter than was originally present in the Einstein universe within r^,. 

Now consider two equilibrium configurations, (1) the Einstein universe in 
which we particularly confine our attention to the total matter within a sphere 
of radius and (2) another hypothetical equilibrium configuration with a 
condensation within and the undisturbed Einstein universe outside 
The latter, according to our previous argument, contains slightly more mass 
than the former. In the actual universe this extra mass is not available. 
Hence the gravitational effect of a condensation of matter within Tq of the 
Einstein universe and with no change outside is the same as that of the 
equilibrium configuration (2), less that of the gravitational field of a small 
missing mass in the condensation within r^. The equilibrium configuration 
implies no force but the deficit gravitational field of the missing mass in 
has repulsive effect and is responsible for the expansion. In exactly the same 
manner we can construct other condensations in other places of the Einstein 
universe, as we shall see later. The total gravitational field in the Einstein 
universe with these condensations will be that of an equilibrium configuration 
(2) less the gravitational fields of the missing masses in the condensations. 
Those missing gravitational fields produce repulsion causing the Einstein 
universe to expand. 

3. To fit in the three gravitational fields as stated in the previous section 
we first take the following metric for the spherical condensation (1) 




1 


\A/ J 
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where 




X + hc^yi 


( 2 ) 


(A being the density of energy and k the gravitational constant, r„ the outer 
boundary of the sphere where the pressure vanishes, and 

V = ^ 1(3 - U*) cos 0„ - (I _ XA*) cos ©]. 


sin 0 = -T- . 
A 


( 3 ) 


On 


0==0„ 


V = c cos 0„. 


Outside this sphere and between r„ and we have Schwarjsschild’s outer 
field 

" (4, 

Beyond we have the metric of the Einatein universe 

dsi = -Jr ! - + r* (de* + sin* 0 d^*) - c* d(* (r > r^). (5) 

1 — Af* 

It is assumed that both r„ and Tq are very.sinall compared to l/V X, the radius 
of the Einstein universe. 

The metrics (4) and (5) can be made continuous on the boundary r — if 
we put* 

a = |Xro», (6) 


as the gravitational field (4) is then equivalent to 


da* ■■ 


dr* 




+ r* (d6* + sin* 6 d^) — c* ■ 




dt* 


(r»<r<fo), (4') 


the time variable only differing by a constant factor (1 — Xfo*). Also since 
the pressure in the Einstein universe vanishes the continuity of pressure at 
r = fo is also ensured. We have next to satisfy ourselves that on the surface 
of separation rg of the two gravitational fields (5) and (4') there is no surface 


* Tliis fit was suggested by M. v. Lane, “ Die Belativitatstheorie,” II, p. 246. 
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dexxsity of matter. The conditions that a surface, at any point of which the 
unit normal vector has components v„ and on which the metric is continuoufl, 
should bo free from surface density are* 



iM\ 


0 


(k, I - 1 , 2 , 3 , 4 ), 


where [ }[ is the diKContinuity in the value of ChristofEers bracket at a point 
of the surface. When the right-hand side of the above equation is different 
from zero a surface distribution of matter (material tensor) is to be expected. 
In the present case all the first derivatives of are continuous except dgiJdr 
on ffl. But it can easily be verified from the above equations that a surface 
layer of matter is absent.f 

Secondly, we write down the conditions that the pressure and the metrics 
(1) and (4) are continuous on r := The pressure is evidently continuous as 
it vanishes on for both the fields. 

The continuity of gives 



which by (2) is equivalent to the relation 



(7) 

p being the density of irmer condensation supposed uniform, 
density p of the Einstein universe is given by 

Since the 

CL. 

11 

(8) 

we have from (6), (7) and (8) 

pfo» = txr„» 

(9) 

which we rewrite as 


To -ll/ 

(9') 

Substituting from (2) and (9') wo have further 



= + ( 10 ) 


With the above conditions the continuity of g^^ is automatically adjusted on 
f = with a trivial transformation of the time variable. 

* The general conditions from which those are derived by equating the right-hand side 
to zero were established by mo in a paper published in * Ann. Physik.,* vol. 73, p. 365 
(1924). 

t Sen, loc. oif. A similar case is worked out here. 


VOL. CXL.— A. 


X 
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Now the volume of the condensed sphere is 


2nA? (0„, — I sin 2@„), 

so that by (3) the total mass (energy) of this sphere is 


4t: 


l+-ro(j)* + 


( 11 ) 


The total mass of the sphere of the Einstein universe is given by 




T" r^df 

Jo \/l — Xr^ 


( 12 ) 


Next we have to decide which of these two masses is greater. For our purpose 
it will be sufficient if we expand the denominator of the above integral and keep 
only the first power of X. This gives the value of the integral as 



. , 3X 2 

‘ + io'" 


+ ... 


(13) 


whereas by (10) and (11) the mass of the condensed sphere is 



(14) 


Owing to relation (9) the first terms of these two expressions are equal so that 
if only Euclidean geometry is admitted the mass of the condensed sphere is 
equal to the total mass within the sphere Tq of the Einstein universe. To this 
order, the condensation has no influence on the Einstein universe. But taking 
the second term into consideration, we find tlxat the mass of condensation is 
^eo^er than the total mass originally present within r = of the Einstein 
universe. For this we should have 


or 


or 


2Il ( 1 4- ^ 2 > f * 


s* + ? > 3, 

B 

( 8 -lf(s + 2 )> 0 . 


Since s is a fraction (^ < 1) this inequality is satisfied, /or all values of s, which 
establishes the above statement. At this st%ge we can apply the arguments in 
the previous section which enable us to conclude that, when there is rearrange- 
ment of matter in the Einstein universe in the form of some condensation 
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(tlus we may imagine to take place infinitely slowly), which ultimately detaches 
itself from the thin material of the surrounding Einstein universe, the residt 
is expansion of the whole.* 

4, We may try to fix the condensed sphere within the Einstein universe 
itself without any intervening vacuum. This would require a continuous 
transition of metric (1) to metric (6) on r =» r^. We should then have the 
line element (1) for and (6) for r ^ This gives 



1 - 




whence we have by (2) and (8) 



(16) 


This does not give the requisite fit as it implies zero pressure for the con- 
densation and makes the sphere only a portion of the Einstein universe. 
This is really to be expected. A fit may probably be obtained by taking a 
heterogeneous sphere of which the density gradually de(3reases outwards and is 
equal to that of the Einstein universe on the surface. The calculations can be 
made only for a few special cases for which solutions are known. But the 
analysis given in the last article clearly indicates how the formation of con- 
densation and the consequent thinning of the material of the Einstein universe 
along a spherical boundary would lead to the expansion of this universe. 

6. The manner in which the gravitational fields have been fitted together 
in article 3 has got the special advantage that the adjustment has been made 
by leaving the Einstein universe outside r = entirely unaltered. We can 
evidently take other condensations in other parts of the Einstein universe 

♦ It may be not without interest to enquire how the equilibrium of conhguration (2) 
in § 2 above, is disturbed by taking a deficit mass in the condensation. Formula (13) 
suggests that this deficit mass can be provided for by slightly diminishing (jt, the density of 
the condensation and by (7) this means an effective diminution in a. Now consider the 
motion of a particle on the boundary of the outside Einstein universe. Since it starts 
from rest we can put the velocities all equal to zero. The equation of the geodesic 
then gives the initial motion of the particle 



For the value of a given by (6), that is for equilibrium, the acceleration vanishes 
meaning that there is a balance between the attractions of the condensation and the 
Einstein universe on Tq. But if the value of a bo slightly diminished, thereby causing 
an effective deficit in mass in the condensation the accoleratioa is positive. The particle 
will move into the Einstein universe and the sphere Tq will expand. 

T 2 
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and similar fits may be obtained provied their gravitational fields do not 
overlap,* The argtrments of the previous section are now applicable and 
exactly identical conclusions can be drawn. Hence we can say generally 
that formation of (^condensations and their tendency to separate themselves 
ultimately from the parent nebular material of the Einstein universe would 
cause expansion of the latter. Eddington’s suggestion of condensation being 
a cause of expansion of the Einstein universe is entirely correct. 

Summary, 

Since the discovery of the general receding motion of the spiral nebulBB by 
Hubble attempts are being made to identify our present universe with an 
expanding universe of Friedmann-Lemaitre tyj^e, given by a dynamic solution 
of Einstein’s field equations. Eddington has suggested that our universe was 
probably initially a static Einstein universe, more or less uniformly filled with 
nebulous matter, and that sometime in the past age condensation of this 
nebulous matter into stellar bodies disturbed the static universe, which then 
started on its career of eiqpansion. A proof of this statement presented 
difficulties, specially as there was the equal probability of contraction of the 
static universe, which view was to some extent supported by the works of 
McCrea and MeVittie, who for a time maintained that a single condensation 
would cause contraction, but a larger number of condensations would produce 
the opposite efiect. These proofs have recently been withdrawn by the authors, 
and further their criticism shows that another proof of expansion given by 
Lemaitre is also unacceptable. In the present paper it is proved that if round 
some irregularities in the way of greater demsity, in the nebulous mass of the 
static Einstein universe, condensation takes place and these comparatively 
more dense nebulous masses detach themselves from the parent body, the 
static Einstein universe starts expanding. The proof also clearly shows that 
the number of condensations is immaterial and there is expansion in every 


case. 


♦ Laue, he. cit. 
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The Excitation Potentials of Light Metals. IT. — Beryllium. 

By H. W* B. Skinner, Wills Physical Laboratory, Bristol. 

(Communicated by A. P. Ohattock, F.R.S. — Received September 24, 1932. — 
Revised December 9, 1932.) 

§ L Introduction. 

In a recent paper,* an account was given of new measurements on the 
excitation potentials of litliimn metal. Here we shall describe the corre- 
sponding results for the next element, beryllhim, attention being again mainly 
focussed on the excitation of the K-radiation. 

The purpose of these investigations may be defined as an attempt to deter- 
mine the effect of the metallic binding on the atomic (constants of these light 
elements. Thus, in Paper I, it was shown that the minimum energy needed 
for the excitation of the K-radiation of lithium metal is considerably less than 
the K-ionization potential of the free atom. This low value seemed at first 
sight inconsistent with the facts of the excitation of X-rays in heavier elements. 
But, if we adopt a more direct comparison, it is easy to see that the observation 
that this minimum excitation potential agrees numerically with the energy 
required for a K L switch in the free atom implievS simply that the efiect 
of the binding here is small. We shall show that for beryllium the effect of 
the binding is definitely observable ; its magnitude, about 20 volts, is con- 
siderable compared with the absolute K-excitation energy, about 100 volts. 
In the attempt to correlate these observations, it became apparent that the 
theory of Paper I is incomplete. We shall therefore give a corrected treatment 
in its application to lithium and beryllium metals, and it will be seen that, 
on certain assumptions, the new theory seems tsapablo of accounting in detail 
for the observed break-potentials. It has also been found that there is an 
appreciable difference between the minimum K-excitation potentials of 
beryllium in the form of a metal and of a polar compound. Those problems 
are closely related to work done on the influence of chemical binding on the 
absorption-edges and lines in the region of harder X-rays. Thus Backlint 
studied the K^ line of sulphur, and other elements when used in the form of 
various compounds, and found shifts of the order of 10 volts. Such investiga- 
tions open up the question of how far the spectroscopic data of X-rays from 
solid targets are representative of atomic constants. 

^ * Proc. Roy. Soo.,’ A, vol. 135, p. 8-1 (1932), quoted an PajH'r 1. 
t ‘ Z. Phyaik/ vol. 33, p. 547 (1926). 
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When the experiments were begun, there were no recent measurements on 
the soft X-ray excitation curve of beryllium metal. During its course, a 
]>relinunary note was published by Christensen* on the subject. Our invasti- 
gation was already at a fairly advaiu^ed stage and his results were in serious 
disagreement with those obtained. It was necessary therefore to clear up the 
discrepancy, and it may perhaps be claimed thai/ this has been done; we 
shall show that the curve is very sensitive to the ])urity of the metallic surface. 
Work has also been published on a closely related problem ; the K-radiation 
from beryllium lias been analysed by Sodermanf, FrinsJ, and Faust§, using a 
grating Unforl^unatoly their results do not agree in all particulars ; though 
neither is definitely irreconcilable, those of Faust fit better with what would 
be expected from our measurements. 

§ 2. Experimental Method. 

The principle of the method of obtaining the excitation curve for a metal 
is shown in fig. 1. The radiation emitted from the metallic anode A under the 

impacjt of electrons of a defined voltage V 
from the filamenfi F, passes through the ion- 
filtering condenser plates P, Q and falls on 
to the metal sphere S. The photoelectric 
current i from S to the surrounding cylinder 
C is measured for a constant primary electron 
current and is plotted against V, which is 
varied in small steps, i is tised as a measure 
of the intensity of the radiation emitted 
from A. The resulting curve in general shows breaks and these are characteristic 
of the metal of A. 

The measurements of the photoelectric current were carried out exactly 
as before, namely, by using a Compton electrometer with a high resistance leak 
as a null instrument in conj unction with an accurate potentiomet er. A primary 
current of 2 m.a. was invariably used, and the photoelectric currents were of 
the same order of magnitude for beryllium as those observed when using a 
lithium anode. 

The apparatus used in the first instance for beryllium was identical with that 

♦ ‘ Phys. Rev,; vol. 39, p. 649 (1932). 
t ‘ Z. Physik; vol. 65, p. 656 (1930). 
t ‘ Z. Physik; vol. 69, p. 618 (1931). 
s ‘ Phy«. Rt^v.; vol, 36, p. 161 (1930). 



.L 1..-. ,1 L J 

0 J B ^ 4 s cm 

Pig. 1. — Diagram of apparatus. 
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uaed for lithium and bo need not be described again in detail. It was pumped 
continuously, with liquid air always kept on the trap ; the pressure was less 
than mm,, and probably considerably less. The anode A and the photo- 
electric sphere, which were of copper as before, were freed from gas by a pre- 
liminary strong heating after the bake-out. The primary electron-current 
was supplied by a dull-cmitter filament with a volt-drop of 0*5 volt. The 
beryllium, 98 per cent, pure, was evaporated on to the anode A by heating with 
electron bombardment to aboiii. 1200° C. from an open cup of molybdenum 
supported by a tungsten wire. The anode could then be slid into its place 
2 or 3 min. from the filament. 

When ber 3 dlium is evaporated, it is foxmd that at first it does not form a 
<!lean surface. Only after a i’onsiderable quantity has been distilled off is the 
metal sufficiently gas-free for oxidation to be avoided. But after a time the 
beryllium can be so thorouglily outgassed that the actual distillation on to the 
anode can be carried out at a pressure of the order of 10 ^ mm. Then the 
metal films produced arc clean ; that is to say they appear brightly metallic 
when evaporated slowly or form a silver matt surface when evaporated quickly 
to form a thicker layer. As will be shown, the preparation of a beryllium 
.surface as perfect as possible is crucial for the experiments. 

The apparatus thus described worked perfectly ; but beciause of the results 
obtained compared with those of Cliristensen, it was necessary to make certain 
that the experiments wore not affected by any peculiarity of the apparatus. 
It seemed conceivable that the results might depend on the nature of the 
filament and on the metal chosen for the photoelectric cell, and it was essential 
to eliminate both these possibilities. 

The danger with the dull-emitter filament was that it might continuously 
distil a small quantity of barium metal on to the beryllium anode, though this 
was, from the first, unlikely, since no breaks in the relevant voltage region 
were found when using a lithium anode. But nevertheless a definite test with 
a change of filament seemed worth while. A tungsten strip-filament, with a 
volt drop of 1 ‘0 volt was therefore substituted for the dull-emitter. But the 
disputed characteristics of the curves, namely a set of variations of the photo- 
electric current when the voltage of the primary ehwtron beam is varied between 
90 and 120 volts, were unaffected by this change. 

The metal of the photocell was therefore changed from copper to nickel. 
It was thought possible that the results might be influenced by some selective 
light-absorption, for wave-lengths comprised in the band emitted by the 
beryllium metal, on the part of the metal of the photoelectric sphere. Except 
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that the nickel photocell soemed only about half as sensitive as the copper one, 
no changes of the curve in the region mentioned were observed which lay 
outside the limits of error. A molybdenum plate was afterwards substituted 
for the nickel sphere ; because copper and nickel are adjacent elements in the 
periodic table and there was a faint chance that any difference in their absorp- 
tion peculiarities might be too small to measure. But, although the sensitivity 
of the photocell was about lialved again, the characteristics of the curve were 
once more reproduced. Finally, by heating the molybdenum plate very 
strongly after the distillation of the beryl litim on to the anode, it was shown 
that the results do not depend on the presence of a thin film of beryllium which 
might incidentally be deposited on to the photoelectric plate. These experi- 
ments seem to prove conclusively that the soft X-ray (turves are, except in 
absolute magnitude, independent of the material of the photocell. 

Actually, when the material of the photoelectric sphere was changed from 
copper to nickel, it was decided to banish copper completely from the apparatus. 
It was noticed that under cert/ain conditions copper in the form of a compound 
has a tendency to be distilled about the apparatus during the bake-out. The 
copper anode A was therefore replaced by one of nickel. This had a beryllium 
plate let into the nickel liolder, because it seemed desirable to investigate the 
behaviour of beryllium metal without distillation ; the holder was so shaped 
that no appreciable amount of radiation could reach the photocell from the 
nickel parts. 

Most of the more acx^urate experiments were carried out with the apparatus 
with a tungsten filament, a nickel photoelectric cell, and the remaining parts 
entirely of nickel, tungsten and molybdenum. The anode was not externally 
heated as in the experiments with lithium ; it was allowed to take up its 
equilibrium temperature in the neighbourhood of the filament. With the 
tungsten filament and nicikel anode, the working temperature of the anode 
was possibly 200"^ or 300° C. With the dull-emitter and copper anode, the 
temperature was very little above that of the room. No investigation was 
carried out to determine whether this temperature change had any effect on 
the soft X-ray curves ; but it is certain that the main characteristics of the 
curves are uninfluenced by it. 

When using the dull-emitter filament, it was found that the pressure in the 
apparatus was so low that the ion-trap, P, Q, fig. 1, was almost unnecessary. 
When using the tungsten filament, however, a large number of positive ions 
were produced, even when the anode A was removed away from the filament. 
This consisted of a tungsten strip about 1 mm. wide and 1 cm, long, welded by 
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the use of platinum as a solder on to tungsten leads (this method was used as 
being the least likely to deposit impurities on to the beryllium surface). The 
effect of the light from the filament was negligible ; but it seemed impossible 
to prevent a copious emission of ions — ^presumably mainly of sodium — ^which 
built itself up slowly when the current was switched on and therefore almost 
certainly came from the tips of the filament leads. This current was easily 
dealt with by applying a potential difference of about 100 volts between P and 
Q, and is mentioned mainly to prove the efficiency of the ion-trap which has 
sometimes been doubted. The actual results are therefore genuinely the efiect 
of radiation emitted from the beryllium surface. 

3, Experim 4 mtol Results. 

Afi already stated, the purpose oi the experiments is to determine the 
variation of the photoelectric current i with the voltage V accelerating the 
electrons which excite the radiation in the beryllium metal, when the primary 
electron current in maintained constant. 

In Paper I, the method of presenting the experimental results was to plot 
as a function of V, not % but Aij AY measured for small increments of V of 
^ volt, 1 volt, or 2 volts. This method has the great advantage that over most 
of the range of V, Ai j AY varies only very slowly with V. In the neighbourhood 
of the excitation voltages, on the other hand, AijAY changes abruptly by a 
considerable amount. It was further shown (loc, cit., §8) that AijAY gives 
a closer representation of the true excitation function than i itself does. This 
is owing to the fact that when one fires an electron of defined velocity on to a 
metal surface, the electron suffers small losses of energy which determine a 
range in the metal and which have nothing to do with the actual excitation of 
radiation. Thus the excitation process caused by an electron with an initial 
voltage V may occur when the electron has any velocity loss than V. From 
this follows the advantage of using AijAY instead of i as a measure of the 
excitation. 

The values of V for which abrupt changes in AijAY occur may be called the 
measured break-potentials. To correct these values in order to obtain the true 
break-potentials, we must take into account (1) the contact potential difference 
between the filament and the anode, and (2) the acceleration of the electrons 
in passing into the metal of the anode. As Eichardson and Chalklin* have 
shown, these two corrections amount together simply to the addition of the 


• ‘ Proc. Roy, Soc.,’ A, vol. 1 10. p. 247 (1926). 
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work-function of tlie filament. So far as I am aware, this correction has not 
so far received any experimental confirmation. In fact, in a recent paper,* 
a failure to observe any change in the excitation point on changing from a 
thoriatwi filament with an efiective work function of 2*6 volis to a tungsten 
filament with an efiective work-f unction t)f 4*9 volts was reported. It is 
therefore of great interest that in these experiments on beryllium, a shift of all 
the measured excitation points of about 2-5 volts was observed when the 
tungsten filament was substituted for a dull-emitter. This can be seen in 
fig. 2, whi(h shows the small section of the excitation curves for beryllium in 



Fia. 2.— Uucorrected differential excitation curves of beryllium showing shift caufied by 
change of filament. («) tungsten filament; (6) dull emitter. 

which the changes of At/ AV are most violent. The curves are direct plots of 
At/ AV in arbitrary units against V, measured from the centre of the filament, 
(a) for a tungsten filament and (6) for a dull-emitter.t It is seen that the two 
curves are almost alike excjept for the shift due to the change of filament. The 
theoretical shift, assuming the work function of the dull-emitter to be about 
2 volts, should be 2*9 volts. Thus the values fox the break potentials, cor- 
rected os described above, are within the limits of error independent of the 
nature of the filament. 

♦ DavicH, Horton and Blundell, ‘ Pn>e. Roy. Soc.,* A, vol. 12fi, p. 668 (1930). 

I It hapi)ened that curve (a) was taken with a copper photocell and curve (&) with a 
nickel photocell. We have seen that the results ore unaffected by this change, but to 
allow comparable variations in the ordinates of the two curves, we have divided those of 
curve (a) by a factor of two relative to those of curve (6). 
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We now pass on to the description oi the actual experimental results. 

3 and 4 show two plots of the same experimental material obtained with a 
clean beryllium surface, and a nickel photocell. Fig, 3 is a straight plot of 
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% against V, in which the accuracy of the points exceeds that of drawing 
the curve ; fig. 4 is a difierential plot of Ai/AV against V, and the advantage 
of the latter is at ouc^e apparent. The correction of 5 volts for the work 
function of the filament has already been made. The excitation is found to 
start at 8*5 volts. It rises almost continuously till we reach the value 92 
volts when large and abrupt changes in Ai/AV begin to occur and persist until 
we come to 125 volts. After this, in the range investigated there are only 
comparatively slow variations of Ai/AY. 

The most interesting voltage region for beiyllium is therefore that between 
90 and 125 volts. For lithium it was shown that the K-excitation 
breaks of the metal lie in a region some 10 volts below the value of the 
K-excitation potential of the free atom. The K-excitation potential of the 
free beryllium atom is at about 115 volts. It is therefore clear that the breaks 
in the region between 90 and 125 volts correspond to the excitation of K- 
radiation in the beryllium metal. At first sight, it is very surprising that the 
region of the K-excitation j)otential8 of beryllium is so much greater than for 
lithium, 30 volts inste^id of 10. This point will be discussed later ; but it is quite 
clear that if wo can establisli that a clean beryllium surface actually gives this 
typo of excitation curve, then the minimum K-excitation point for beryllium 
metal must be taken at 92 volts. 

During the course of llie present experiments, this K-excitation curve, with 
only minor differences, has been obtained more than 20 times, using both dull- 
emitter and tungsten filaments, and using the apparatus with copper anode and 
photoelectric sphere, and that made entirely of nickel. All these curves are 
alike in that the three peaks A, B, C are always observed, and the shape of 
the peaks is, within the experimental error, always the same. The peak D is 
also always observed but the subsequent progress of the excitation curves are 
not always quite identical. In fig. 2 two typical examples have already been 
given on a large scale. 

In no experiment with a beryllium metal surface have these peaks A, B and 
C been completely missed, but twice they were found weak compared with the 
general excitation, when, however, the cleanness of the beryllium was not free 
from suspicion. In these cases the rise near D is marked. 

Now in the brief note of Christensen (loc. ciL) it is claimed that the 
K-excitation only begins at 113 volts ; there is a further break at 124 volts. 
Therefore the peaks A, B, C are almost if not completely missing ; wo say 
‘‘ almost ” because he speaks of rather unrepeatable weak breaks. It was 
very necessary to ascertain the cause of this disagreement. As already stated, 
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radical changes were made in the apparatus without any result on the 
curves. 

The only remaining possibility scorned to be in the beryllium surface itself. 
This metal does not appear to be easily oxidi 2 :ed ; but actually, like aluminium, 
it is covered with an invisible oxide skin. At high temperatures it oxidizes 
very easily, and the difficulty in preparing on uncontaminated surface is 
owing to the fact that the distillation temperature is relatively high, A set 
of experiments was therefore carried out with surfaces prepared in various 
ways. In the first experiment a beryllium plate, already thoroughly outgassed, 



Fia, 5. — ^Unoorrocted curves for surfaces with various degrees of oxidation. 1. Oxidized ; 
IT, thin Be distilled layer ; UI, thick Bo layer ; IV, slightly re-oxidized ; V, more 
heavily oxidized. 

was used without distillation on to it. The apparatus was baked out in the 
usual way ; then the anode was heated bright red-hot in a good vacuum. 
At this temperature beryllium oxidizes readily in the gas given off by itself 
and it was found that, after heating, the plate, which was originally polished, 
was covered with a faint yellowish film. The excitation curve was taken and 
it was found that, for the first time, no trace of the peaks A, B or C was visible. 
The curve is given in fig. 5, curve I, A very thin film of beryllium was then 
evaporated on to the plate and the result, curve II, shows the peaks rather 
weakly. With a thicker layer of beryllium, curve III, the peaks had resumed 
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their normal magnitude. The anode was now heated rod-hot in the vacuum ; 
the surface still looked perfect, but as curve IV shows the peaks are con- 
siderably reduced in strength. Finally the beryllium plate was heated with a 
small pressure of air in the apparatus (pressure about 6-10“^ mm.). The 
stirface now showed considerable signs* of oxidation. Curve V was very 
similar to curve I in that the peaks had gone. 

It may probably be fairly claimed that these experiments establish the 
fact that the peaks A, B, C are due to clean metallic beryllium. We also have 
come to the interesting conclusion that the K-excitation curve for metallic^ 
beryllium is quite different from that of beryllium in tlie form of the oxide. 
It is true that curves I and V, fig. 6, are not quite alike ; but one must remember 
that the oxide is a good insulator and so it may bo hard to obtain reproducible 
results. Also it is difficult to say what the tnio break-potential is as one does 
not know what correction to apply for contact voltages, et(‘. It seems there- 
fore best to leave the experimental value uncorrected. From curve I we 
obtain the value 115 volts, from curve V the value 117 volts. 

In Table I, the values of the corrected break voltages are given. The values 
are taken as the best fit for a number of the most accurately taken curves 
The breaks of columns (a) and (6) are easy to pick up on all the curves. Those 
of column (c) have not been so carefully investigated but, except for those 


Table J, — Corrected Break-Voltages for Beryllium Metal below 240 Volts. 


Type of 
excitation. 

liesults of present paper. 

Results of 
Christensen. 

(«) 

{!>) 


Valence electron J 

8*5 i: 1 


(f) 12 ± 1 

19 i 1 

35 ±2 

60 ± 2 

12 

19 

26 

34 

46 

K-eleotron 

92 ±o r^ 

97-6 ± 1 

103 ± 1 
107‘6 ±0-5 

116 ± 1 

{?)U3 ± 1 

122 ±2 

141 ± 3 

177 ±3 

230 ± 3 

113 

124 


(a) Miininuiii excitation potentials ; (6) strong breaks ; (e) weak breaks. 
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marked doubtful, none have been rnissed on any reliable run. A few other 
faint breaks were observed in individual runs, and the actual shape of the 
curves, especially around D, fig. 4, has been found to vary somewhat. But it 
must be remembered that the results represented by fig. 5 show that any slight 
surface contamination would show itself mainly here; the microcrystalline 
structure of the beryllium surface may also affect the shape of the curves. 
The division of the breaks into the types (u), (6) and (c) is somewhat arbitrary ; 
but, as will appear, a weak break is not necessarily a genuine excitation 
potential in the sense that it corresponds to the starting point of a new 
mechanism for the excitation which could not occur at a lower voltage. The 
results of Christensen (Icc. dt.) ar(' added for comparison. It is a curious 
fact that, although he has missed all our strong K-oxcitation breaks, the low- 
voltage breaks in the two sets of experiments appear to agree well. 

Ah shown in Paper I, there is a second type of experiment possible with the 
apparatus used.* So far, the results described have been obtained by var)nng 
the accelerating voltage V of the primary electron beam incident on to the 
metal surface. If, however, we keep V fixed and apply a variable retarding 
voltage W between S and C, fig. 1, by measuring the photoelectric current for 
successive values of W and plotting A?7 AW agaiast W, we obtain a velocity 
analysis of the photoelectrons. Some (conclusions may be drawn about the 
actual nature of the radiation emitted, hut the limitations of the method are 
serious. Velocity analysis curves for the photoelectrons ejected from nickel 
by the beryllium radiation are shown in fig, 6 for two values of V, 180 and 
300 volts. These have a greater dispersion than those obtained by Rudbergf 
by a magnetic analysis of the photoelectrons ejected by the beryllium K-radia- 
tion. Taking the value 4 volts as the work function of nickel, we may conclude 
that the short wave-length end of the beryllium K-radiation band is at about 
111 volts. Owing to “ loss of velocity ” effects, arising from the finite depth 
from which the photoelectrons come, it is not posvsible to come to any definite 
conclusion with regard to the structure of the band except that there are 
indications that its extent on the long wave-length side is considerable. Our 
upper limit agrees well with that found by Soderman and Faust (loc. who 

* Wo must state here that the analysis of the hw-vdocity photoeleetrozis ejected by 
Li radiation, Paper I, fig, 7, was incorrect. It was thought that certain abrupt broakn 
were real ; but it now seems that these were mainly due to the errors of a certain volt- 
meter. The results represented by Paper I, fig. 0, are correct. The low-velocity dis- 
tribution curve of the photoelectrons ejected V>y beryllium radiation is similar to that 
for lithium, and quite smooth. 

t ‘K. Svonska. VetenskAkad, Haudl.,' vol. 7, p. 1 (1929). 
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used the more promising method of a grating-analysis of the radiation. They 
agree in finding a main band between about 100 and 112 volts. Sbdennan 
found it smooth within these limits ; but Faust found maxima in the band, 
and also traces of radiation outside it especially on the high-energy side. This 
discrepancy may possibly arise from the* different beryllium surfaces used ; 
Faust employed a metal plate, while Soderman, as far as one can gather,* 
“ rubbed ” the beryllium into an anode of another metal. The results of 



Faust are more in acnord with what might be expected for the K-radiation 
from beryllium metal ; on account of the number of break-potentials in the 
range between 90 and 110 volts, a smooth band of radiation is hardly to be 
anticipated. It is evident that the e»stence of the 92-volt break carries with 
it the implication that radiation of this energy or less can be emitted. Such 
radiation is weak, even according to Faust’s results ; but it must be remembered 
that the experiments were performed using a bombarding potential of several 
thousand volts, and that it is quite likely that the intensity-distribution in tho 
radiation band may vary markedly with tho exciting voltage. 


* • Z. Pfaysik,’ vol. «2, p. 796 (1929). 
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§ 4. The Excdtation of K-rad>iatim in Light Metals, 

The experiments of Paper I and of tliis paper have shown that for lithium 
metal there are three breaJk-potentials associated with the emission of 
K-radiation, and that for beryllium there are at least five. These may clearly 
be taken as representing discrete K-excited states of the metals. In order to 
interpret them, we now proceed to attempt an approximate calculation of the 
energies of the possible K-excited metallic states. The primary data consist 
of the atomic energy-constants and the problem is to consider how these are 
altered by the lattice-binding. 

For simplicity, let us first; confine attention to the minimum K-excitation 
potentials. The theory put forward in Paper I, although mainly correct in 
outline, was not sufficiently developed to explain the low value of this quantity 
which is found for beryllium metal. Hence it is necessary to start again from 
the beginning. 

At the outset, we may form the most elementar}’ picture possible of the pro- 
cess of K-cxcitation of a metal ; this is a level-system analogoxis to that used 
in the classification of the data obtained 
from the ordinary X-ray spectrum of a 
heavy element. In our case, we have only 
the K-level and the L-levels, which are the 
metallic valence- or conduction-electron 
levels. In fig. 7, the depth of the levels 
gives the work done in taking a K-electron, 
or a valence-electron, to a state at rest 
outside the surface of the metal. In the 
excitation process, a K-electron must be 
taken right through the lower valence- 
electron levels since these are filled by 
electrons. It may be placed in the lowest 
mnpty level ; this corresponds to the 
minimum K-excitation voltage, which 
is represented by the shortest upward 
arrow. 

Fig, 7 also gives the radiation quanta which may be emitted after 
the excitation process. Any valence-electron may fall back into the 
K-level, as shown by the downward arrows. Thus the radiation will 
coiuuBt of a band running up to a high energy head at a value equal to the 



Fiti. 7. — Excitation and omission of 
K-radiation. 
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xmnimum energy of excitation. Calculations on the intensity-distribution 
in thi» band have been made by Houston.* But we shall see that the actual 
radiation emitted from a metal is almost certainly too complex for representa- 
tion by a single diagram of this type. We can use the experimental results 
for the minimum K-excitation i)otentiaIs of lithium and beryllium to construct 
diagrams like fig. 7, but we propose to go deeper into the problem. We shall 
begin by attempting to calculate these minimum K-excitation potentials in 
order to compare tlie results with the experimental data. To do this we must 
go beyond any representation like that of fig. 7 ; we must form a model of the 
transient excited state of the metal which exists when a K-electron is missing 
from one of the atoms, i.e., the K-excited state from which the radiation will 
be emitted in a lapse of time long compared with that taken in the excitation 
process. 

It is clear that the minimum K-excitation potential of a metal may be 
e3q>ected to be of the order of magnitude of the K-ionization potential of the 
free atom. It is actually appreciably smaller. The values of these two 
quantities for lithium are 53*7 and 62*5 volts* respectively ; while for beryl- 
lium there is a still larger gap, the values being 92 and 118 volts.f A closer 
approximation is given by calculating the energy required for a K L atomic 
transition ; the values for lithium and beryllium are about 53 and 110 volts. 
It will be seen that the correspondence for lithium is close, as has previously 
been emphasized. For beryllium, on the other hand, there is no such agree- 
ment; and this distinction between the results for the two metals is the 
primary fact which we have to explain. 

It is instructive first to consider the case of a lattice which is so stretched out 
that the interaction of the atoms may be neglected. It is clear that the 
transition of an electron K is possible just as for the free atom. This 
may be regarded as the basis of the numerical agreement for lithium, the inter- 
action in this case having small efiect. 

When we pass to the ordinary unstretched metallic lattice, we have to con- 
sider in what way the binding of the original valence-electrons will be afiected 
by the circumstance that there is a K-electron missing from one of the atoms. 
It is evident that, in fig. 7, this re-adjustment of the electrons is implicit in 
the energy-value represeutiug the work done in removing a K*^ectron to the 
metal surface* We have now to consider what types of orbit are possible for 
electrons moving in a lattice which has one of its atoms K-ionized. Clearly, 

♦ ‘ Phys. Eev.,’ vol. BS, p. 1791 (1981). 

^ t The method ol obtaining these figum will be given later. 
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this particular atom will exert forces on the electrons very difierent from those 
caused by the other unexcited atoms. In fact the sudden removal of a 
K*electron will make the K-ionized atom in lithium metal behave momentarily 
as a charge of about two units, instead of about one unit for the normal metallic 
atom. Thus^ in the trav^mt excited state of the metals the K-ionized atom can 
be compared mth an impurity atom which happens to be present in the unexcited 
metal ; in that local conditions around each are quite different from those at other 
points. On the other hand, apart from the formation of this special atom, the 
rest of the metal may be taken as approximately unaffected by the K-excitation 
process ; the same levels will continue to exist among the (N 1) similar 
atoms of the excited lattice as in the original lattice of N atoms. The re- 
adjustment of the lattice to the K-excitation, roughly stated, may be said to 
consist of some of the original metallic valence-electrons being dragged by the 
increased core-charge into the L-shell of the K-ionized atom, the remainder 
retaining about the same mean energy as before. 

The behaviour of an impurity atom in a metal has been considered by Wilson.* 
Consider a lattice of N atoms, one of which is different from the rest ; if the 
interaction is negligible, we have (N — 1) states of equal energy in which an 
electron is removed from one of the like atoms, and just one state of a different 
energy in which an electron is removed from the impurity. It is evident that, 
when one allows for interaction, the (N — 1) states will split up into a band 
with a definite energy-range (the band of the valence- or conduction-electrons) 
the one state, though it may be perturbed, will remain sharp. It follows that, 
if the interaction is not too great, an impurity may be regarded as existing in 
the metal as a discrete entity, atom or ion, and forming a “ hole ” into which 
the metallic valence-electrons cannot penetrate. Its actual state depends 
on how many electrons it can profitably “ capture from the metal, if we 
imagine it to be introduced in a heavily ionized condition. Thus it will go 
on taking electrons until the binding-energy of the next captured electron would 
be less than the binding-energy to the metal as a whole. Consider the 
K-ionized lithium and beryllium atoms as “ impurities ” which do not take part 
in the chemical binding of the lattice. Since the ionization potentials of both 
as free atoms in a K-excited neutral condition are about 8 volts, each must 
exist, in the state of lowest energy of the whole system, as a neutral atom in a 
‘‘ hole in the metoZ, having thus L-shells of two and three electrons respec- 
tively. It is also clear that there must be a number of discrete states of the 

* ‘ Proo. Roy. Soc.,* A, vol. 184, p. 277 (1981). 
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metal corresponding to the excited, ionized, and ionized and excited states 
of the “ impurity ’’ atom. These will be found experimentally as a number of 
discrete K-excitatiou potentials of the metal, Vk*, Vk*» • • of higher voltage 
than the minimum K-excitation potential, As we have seen, these are 

actually < )b 8 ervod . 

We shall now proceed to a more quantitative use of the model, at first dis- 
regarding the higher ex(utation potentials and confining attention to the 
calculation of the minimum K-excitation potential We begin by deter- 
mining the energy required for the corresponding process in the free atom, 
namely, the work done in a K I 4 transition. This is not only instructive 
from the theoretical point of view, but also useful since the numerical values 
are required. If n is the valency, we first remove n valence electrons succes- 
sively from the atom. The work done in this step is Sv, where is the rth 

n 

successive ionization potential of the element. Next, we removci a K-electron, 
doing work Finally we replace (n -f 1 ) electrons into their lowest 

state in the L-shcll of the K-ionized atom, thus regaining energy S where 

is the rth successive ionization potential of the atom with a K-electron 
missing. Therefore 

S (1) 

The numerical data for the quantities are known for lithium and beryllium ; 
those for the quantities i\ can only be estimated. We shall assume that the 
value of i*r Ib the same as that of for the next element in the periodic table, 
thus imagining for example a nucleus of charge 3 screened by one K-electron 
to be eqidvalent in its effect on the L-electrons to a nucleus of charge 4 screened 
by two (more tightly bound) K-electrons. Calculating for the (U . 2 ^®) state 
of lithium, we get the value 53 volts.* This may be compared with a rough 
experimental value of 54 ± 2 volts, obtained by Mohlerf for the K-radia- 
tion from lithium vapour. For the lowest K-excited state of beryllium, 
(Is . 2 s*, 2 p), a corresponding calculation gives the residt 110 volts. These 
calculated values may be expected to be too small by possibly about 2 volts 
for lithium, and rather more for beryllium. 

Now returning to the metal, we shall build up the K-excited state previously 

♦ W© use for the ionization potentials of lithium the values 6*3, 75*3 ; of beryllium 
the values 9»3, 18*0, 163 ; of boron the values 8*3, 24*4, 37*8 volts. 

t ‘ Bull. Bur. Stand./ vol. 20, p. 107 (1926). 
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defined from the normal state by means of a set of operations as nearly os 
I> 08 sible analogous to those performed on the free atom. 

(a) We remove n valence-electrons from the metal in such a way as to 

“ clear a space around a single atom. 

(b) We remove a K-electron from this atom, imagining the metallic valcnce- 

electrons to be held fixed in energ}^ 

(c) Still holding the valence-electrons, we replace (n -j- 1) electrons into the 

L-level of the K-ionized atom. 

(d) We finally release the metallic valence-electrons. 

After the step (a) has been accomplished, we have an ion consisting of a 
nucleus and K-electrons only and this may be regarded as existing in a small 
hole ” in the metal. The next step is the removal of a K-electrou ; fig. 8 
represents the potential energy of this electron in its passage out of the metal 



Fia. 8. — Potential curve about the K -ionized atom in metal. 

The dotted curves give the potential arising from the ion and the metal 
separately (for simplicity a Soimnerfeld model of the metal is used) ; the full 
curve gives the combined effect. The same diagram is also applicable to the 
replacement of the first L-electron ; but for the other n, the shape of the atomic 
curve must be altered successively to include the sliielding of the L-electrons 
already replaced. The conception of the hole ” is still legitimate since we 
suppose the K-excited atom not to be subject to the forces of chemical binding. 
The hole is about 3 A in diameter ; the (n + 1)** electron to be replaced in the 
L-shell is bound to the free atom with about 8 volts, and thus has a potential 
energy of about —16 volts, and the L-orbits have a diameter of about 1*0 A. 
We must consider what errors can occur in using the ionization potentials of 
the free atom in estimating the energy involved in steps (b) and (c). Two 
effects ore to be taken into account ; (1) the weakening of the binding-force 
of the electrons owing to the presence of the surrounding metal, and (2) the 
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actual alteration of the potential energy of an electron in the hole. A rough 
calculation shows that (1) is almost certainly negligible for all the electrons. 
The magnitude of (2) depends on how the inner potential of the metal falls off 
within a distance of about 1 A., from the edges of the hole ; but this is a 
relatively large distance for forces due to incomplete shielding, and it seems 
unlikely that there will be any serious error. We shall sec subsequently that 
this conclusion receives some empirical support. To sum up, it seems improb- 
able that, in using the atomic ionization potentials to represent the work 
done in steps (b) and (c), we commit an overestimate of more than a few 
volts. 

In evaluating the energy involved in stages (a) and (d), it is simpler first to 
consider lithium, with only one valence-electron per atom. In removing an 
electron from the metal, we are undoubtedly freeing a certain atom of the 
valence-electron which may be said to “ belong " to it, and we arc thus clearing 
this atom for the stages (6) and (c). Consider the hole in the metal ; the 
potential energy of the metallic valence-electrons per atom is slightly raised 
in the formation of the new surface of the empty hole, but it is lowered again 
by the residual field of the K-excited atom with its two L-electrons. The first 
effect will probably predominate ; but only a small error is to be expected 
if we take the mean binding-energy of a metallic valence-electron after stage 
(d) to be the same as in the original metal. This error is in the opposite sense 
to- the error involved in steps (fr) and (c). In performing stage (a), we may 
remove an electron from the metal in applying any energy between two limits, 
the smaller of which is the work-function. But to retain the mean energy 
of the electrons in the metal the same as before, we must apply an energy ^ 
equal to the mean energy of these eleetrons. Then no readjustment energy 
need be taken into account in stage (d). 

Thus in comparing the energy necessary for the K-excitation of lithium metal 
step by step with that required for the free atom, the only difference to be 
accounted for is the use of ^ instead of ii in stage (a). But is only 6 volts, 
and ^ can differ but slightly from this value. Thus the approximate relation 

( 2 ) 

must be expected to hold with a tolerance of not more than a few volts, as 
we have already shown to be the case. 

When we return to the general case, the energy U„ involved in stages (a) 
and (d) cannot be estimated so unambiguously. It is true that by applying 
an energy it^ we can remove n electrons from the metal, but these are not 
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neoefisarily from the Bame atom* We have to distiaguish between two models 
of the metal in which {A) the metallic mlenoe-dectrons are treated as firmly 
botmd to the individual atoms and thus only able to travel about by exchange, 
and [B) they ore treated as free to attach themselves to any atom. With 
model (A), the work done in stage (a) must approximate to the corresponding 
amount for the free atom, namely, 2 and so equation (2) would again follow. 

For beryllium, we have seen that there exists a marked discrepancy of almost 
20 volts ; it seems impossible, especially in view of the good agreement for 
lithium, that an error of this order of magnitude can have crept in. It is 
evident that the assumpt ion underlying the supposed equality of IT„ and Si,. 

n 

is that the interaction of the n electrons which <^an be said to belong ” to a 
certain atom at a given instant is of paramount importance compared with the 
interaction of these n el ectrons with others in the metal . If this is not so, we come 
effectively t o model (B), in which the electrons can scarticly be said to “ belong ” 
to the atoms, but are bound to the lattice as a whole. The work done in stage 
(a) can now be taken as n^, and in pbu^e of (2), we obtain the approximate 
relation : 

^ — St,. “I- (^) 

n 

Use of the numerical values leads to a value of ^ of about. 5 volts, both for 
lithium and for beryllium. On account of the fact that the values of Vm,. 
calculated from equation (1), are slightly too low, this would have to be 
diminished ; but the other approximations probably tend towards an increase. 
On the whole, the value of <f> may be considered as of a reasonable order of 
magnitude. 

It therefore seems that, although the result for lithium would be consistent 
with either model, that for beryllium definitely demands nearly free metallic 
valence-electrons. This conclusion could probably have been anticipated, 
since in a conductor an electron must be free to pass from atom to atom 
without any appreciable increase in the energy of the system being involved, 
'fhe distinction between the results for lithium and for beryllium appears as 
a consequence of their respective monovalence and divalence. 

We shall next show that a reasonable numerical agreement may be obtained 
between the calculated and observed values of the higher K-ezcitatiou 
potentials Vr*! which, as we have seen, correspond to excited and 

ionized states of the “ impurity ” atom. Accepting the experimental value 
of the higher states cui be built up successively from the lowest K-exoited 
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Ktate by removing an electron and replacing it into a higher level of the 
K-excited atom, or into a level of the lattice. In this way, some of the chief 
uncertainties of the previous absolute calculation of Vk^ are avoided. On the 
other hand, we still have to assume that the ionization potentials of the 
K-excited atom in the metal are those of the free atom. The assumptions 
underlying this approximation have already been discussed ; it is perhaps 
rather surprising that it appears to be almost uimecossary within the accuracy 
of tlie measurements to take into account any such perturbation. Similarly 
we neglect any changes in the energy of the lattice which may result from 
alterations of the residual field of the K-excited atom. We may point out 
that this is easier to justify since the metallic valence-electrons are free and so 
able to travel considerable distances in the lattice ; also that an erior from 
this cause would tend to compensate any error of the previous type. 

For beryllium, we may be sure that the minimum K-excitation potential, 
corresponds to the lowest atomic state (Is . 2^ . 2p) in which a K-electron 
is missing ; for lithium also, we shall assume that it corresponds to the lowest 
state (1« . 2s^)* Unfortunately, we again have to rely on the numerical data 
for beryllium and boronf as approximations for K-excited lithium and beryllium 
atoms ; similar approximations are also made for the energies of the ionized atomic 
states. For instance, the two sufiiciently separated states of (Is . 2s . 2p) 
are taken as the same as those of (1«^ . 2s , 2p ) ; corresponding to the singlet 
and triplet of the latter, we have a doublet and doublet-quartet, but certainly we 
need not take into account the actual multiplet-splitting nor that introduced by 
the incompleteness of the K-sholI, The method of procedure will be clear from 
the following example : to pass from the lowest K-excited state Be (Is . . 2p) 

to the state Be ^ (Is . 2s®), we remove the 2p electron doing work of 8*3 volts 
(numerically the first ionization potential of boron). We replace the electron 
into the lowest empty valence-electron level of the metal, thus regaining energy^ 
equal to the work-function (taken as 3*0 volts). We therefore get a value for 
the corresponding excitation potential of the metal equal to (92 + 6*3) or 
97*3 volts. It will be seen that, at any rate for the states fairly near to the 

* There may be a slight uacertaiuty in this choice, «ince the state Li (h» , 2s*) can only 
radiate by a double electron-jump to a state like I.i (1^*. 2p) and this might be improbable 
even in the metal. 

t Data for the spectra of Be and B in normal and ionized oondition were obtained from 
the ** International Critical Tables ’* (voL 5, p. 395) ; some additional values for Be were 
from Pasohen and Kruger (* Ann. Physik,’ vol, 8, p. 1006 (1931) ). The work-functions 
of Li and Be, also required, were simply guessed by analogy with other metals to be 2*3 
and 3*0 volts. 
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lowest K-excited state, the approximation used for the energy levels of the 
free atom is adequate since the numbers involved are quite small 
The results are given in Table II, together with the experimental materia 
extracted from Table I of Paper I and Table I of this paper. There is nothing 
arbitrary in the tdioice of atomic types ; all states are included which are 
separated by more than about 2 volts and it is estimated that this is the 
minimum that could have been resolved. Since all the observational material 
is included, the agreement appears to be very satisfactory ; but, of course, 
owing to the many approximations made, we cannot overlook the possibility 
that it is partly accidental However, there seenos to be a strong case for this 
general method of interpreting the observed break-potentials as corresponding 
to the existence of definite states of the K-excited atom in the metal 


Tables II. — Calculated and Observed Excitation-Voltages. 


Atom type. 




Li (Jtf . . 2;^) 



Li+(U,2p) 

(U.;U) 



Li++ (iff) 


Lithium. 

1 

HoryJiimn. 

1 

CaicuUtod. I 

1 

I Obaon’t^i. 

Atom tyiKi. 

1 Crtlculfitod, 

1 1 

ObHorved. 

53- 7* 

53*7 

Bc(lff.2ff».2/0 ... 

1 

92 0* 

92 

/66*4 

50-2 

.... 

97*3 

97-5 

\ /59-0\ 
00*5/ 

00 1 

Be ' (lo . 2* . ip) 

rioo-o 

\ 106-5 

103 

197 o 

04. 3 

, ! 

Bo* (1«. 2*. 

112-31 

IKMV) 

71 


Bo+ (1* . 2* . 3i») 

113-1/ 

72‘3/ 


Be++(1».2«) 

118-4 

110 

70*0 

I i 

Bc++ (1«. 2;>) 

124-5 

122 



Bo++ (1* . 3«) 

U0-7\ 

141 



Be++(U.3p) 

142*7/ 



Be+*'' (1«) 

153*2 

— 


i 




• A^ffumed valueH. 


It will be imderstood that, for each of the K-excitation potentials Vk* 
Vx® . . the diagram of fig. 7 must be redrawn, just as it must for the ordinarj% 
spaxk^’ X-ray spectra. A further technical similarity is that apparently the 
corresponding excited states can only be reached by multiple electron-jumps. 
But it is doubtful whether in our complex many-electron problem this is of 
any real physical significance.t 

We have now dealt with the case when the K-excited atom in the metal 
is left, after the excitation, in its lowest state or in a state of higher enei*gy, 

t One can only distinguiali between the terms “ elcctron*jump and “ rearrangement 
due to altered screening’* if the energy involved in the former is considerably the 
greater. 
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and we have shown that a set of discrete excitation potentials Vk\ Vk* is 
obtained. The further possibility arises that, after the excitation, the metallic 
valence-electron system may not be left in its lowest state. Fig. 7 takes 
a(^count of this possibility ; evidently the K-electron need not be transferred 
into the lowest metallic state, but can go into a higher state or it may even be 
given enough energy for it to be ejected from the metal. Since there are 
excited states of the metal (iorresponding to any arbitrary energy, it follows 
that, for each of the excitation potentials Vk* there exists a con- 
tinuous band of metallic states of greater energy. Thus each value Vk repre- 
sents only the minimum energy with which a metallic 8t.ate of a given type can 
be excited ; and excited states of the different types will overlap. 

In the speciial case of excitation by electron-bombardment, we must also 
bear in mind that, after the impact, the impinging electron forms part, of the 
metal. This electron also may lie in the lowest empty valence-electron state 
or in a hightu state. Strictly every energy of the impinging electron defines 
a state of the metal belonging to each group of states corresponding to one 
of the excitation potentials Vr. But it is possible to speak of the probability 
of excitation of a state of given type for a defined energy of the exciting electron. 
The variation of this probability is the excrUationfunotion for the type of 
metallic states. This function cannot be a smooth curve like an atomic 
excitation- or ionization-fimotion. For, as is well known, the excited states 
of one electron in a metal form a set of bands extending over an energy range 
of some hundreds of volts, with zones of more or less allowed or forbidden 
energy ; in a three-dimensional lattice, these are not spaced in any simple 
way.*** Since the excess energy of the excited metal is not necessarily taken 
up as the excitation of a single electron (including the impinging electron), 
the zone-structure may not show itself in a straightforward maimer. But the 
excitation-function must be expected to exhibit oscillations which die out only 
slowly with increasing energy ; and the observed curve, f being built up of 
the various excitation-functions, will to a certain extent reproduce these 
oscillations. 

In the experiments on lithium, it was pointed out in Paper I that the 
temperature of the metal was sufficiently near to the melting point for the 
zone-structure to be largely evened out by the heat-motion of the nuclei 
The observed curve is therefore smooth away from the regions of -actual 

♦ KroniK, ‘ Z. Physik; vol. 76, p. 191 (1932). 

f For a note on the relation between the excitation-function and the observed curve, 
see Paper 1, § 8. 
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excitation. But- with beryllium the temperature was well below the melting 
point and it is probable that the zone-structure shows itself as oscillations of 
the observed curve outside the region of the K -excitation potentials. 

A further characteristic difference may be noted between the curves obtained 
for lithium and beryllium. The rise to a maximum just above the minimum 
K-excitation potential for lithium (see Paper 1, fig. 5) occupies only about 1 
volt, whereas the corresponding rise for beryllium occupies some 6 volts. 
This indicates that the number of excited states of the metal which lie very 
near to the lowest K-excited state is considerably greater in lithium than in 
beryllium, and probably demonstrates different peculiarities of the excited 
lattice-electron systems of the two metals. 

We come next to the consideration of the type of radiation which may be 
expected from the K-excited metallic state. From any one of the continuous 
set of states corresponding to a given atomic excitation, the return to the 
normal metal may occur either by a radiationless process (such as the ejection 
of a photoelectron) or by the emission of radiation in the form of one or more 
quanta. Thus theoretically we can always get radiation up to the limit of 
the energy of the impinging electron, and there is no rigid distinction between 
“ continuous ’’ and ‘‘ characteristicj radiation. But experiment shows that 
most of the energy is degenerated into the immediate region of the K-excitation 
voltages. If we could observe the radiation emitted by beryllium under 
bombardment by electrons with energy little above 92 volts, it is evident that 
we should expect a band of radiation running up to that energy as a maximum, 
fig. 7. But experiment is only possible wdth a high bombarding voltage, and 
then the excitation is complex, a number of distinct types being possible of 
which fig. 7 represents only one. One must also bear in mind that, with high- 
voltage excitation, the lattice-electron system may be carrying considerable 
energy ; the radiation emitted may therefore consist of a band which extends 
on the high-energy side of the corresponding minimiun excitation potential as 
well as on the low-energy side. The radiation observed, being built up of the 
overlapping of a number of such bands, might not show any very marked 
structure corresponding to the actual excitation potentials. Until the experi- 
mental question of the radiation emitted is cleared up, it is useless to discuss 
this problem further. 

A few remarks may be added relating to the observed K-excitation potential 
of beryllium in the form of oxide. It may be recalled that the value found, 
about 116 volts, is some 24 volts higher than for the metal. The oxide (BeO) is 
a polar compound and very stable. In oonsideiiiig the K-exoited state of 
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the molecule, it is significant that the raditis of the L-orbit of the Be * ion 
is only about half the normal radius of the hydrogen atom ; and thus it is 
plausible to suppose that the binding-energy of the electrons belonging to the 
negative oxygen atom is but slightly affected by a K L transition in the 
beiyllium ion. Also the alteration of the potential energy due to the oxygen 
ion of a beryllium electron in its passage from the K-level to the L-level must 
be small. Thus the K-excitation potential of beryllium in the oxide should 
be almost equal to the energy required for a K L transition in the atomic 
ion namely 116 volts (xising our previous method of calculation). In 
any case, it is easy to see that, especially for an element with valency greater 
than one, a very different result may be obtained for the compound than for 
the metal. 

So far, the discussiou has been confined to the excitation of K-radiation. 
On the other hand, the experiments both with lithium and beryllium have 
shown that radiation begins to get excited at a very low bombarding voltage 
(about 8 volts in each case). Although it is possible that the effects of surface 
contamination have not been entirely avoided for excitation by such slow 
electrons, it seems fairly safe to assume that the low-voltage radiation is due 
to the excitation of lattice-electron states. The oscillations of the observed 
curve, which follow the low-voltage breaks, are probably connected with the 
zone-structure of these excited states. The radiation may be expected to be 
continuous in character. Mohler and Boeckner,* in recent notes, have reported 
the observation of continuous spectra from electrodes of various metals sub- 
jected to heavy electron-bombardment in low-voltage arcs. The radiation 
runs throughout the visible and ultra-violet regions. 

In conclusion, I wish to express my thanks to Dr. R. Peierls for a valuable 
criticism of the theoretical section of this paper. It was completed during the 
tenure of a Rockefeller Fellowship at the Massachusetts Institute of Technology, 
and I am indebted to Professor J. C. Slater and other members of the staff for 
helpful discussion. 

§5. Sufmmry. 

(1) When a metal is bombarded by electrons of a defined voltage, the 
variation of the intensity of the radiation emitted with the value of this 
voltage is called the excitation curve of the metal. New measurements of 
this curve for beryllium are described and the characteristic break-potentials 


♦ • Bur. Bund, J. Res.,* vol. 6, p. 678 ; vol. 7, p. 761 {mi) ; vol. 6, p. 418 (IW2). 
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are tabulatexi. Both tungsten and duU-enaittcr filaments have been used, 
and it is shown that the breaks are displaced corresponding to the change of 
filament. When a correction for the work-function of the filament is applied 
the break-potentials obtained arc consistent. 

(2) Radiation begins when the energy of the exciting electrons exceeds 
8 ‘5 volts. The minimum K-excitation potential is found to be 92 volts. At 
this point the curve starts a set of violent fluctuations which persist up to about 
125 volts. Thereafter the fluctuationK are comparatively mild. 

(3) With a slightly oxidized surface, the set of fluctuations starting at 92 
volts does not occur. A break at about 116 volts is found. 

(4) A discussion of the process of excitation of K-radiation in light metals 
is attempted. An approximate model for the excited state of the metal, based 
on the state for the corresponding atomic system, is proposed. 1 1 seems possible 
to account for the magnitudes of the minimum K-excitation potentials of 
lithium and beryllium metals ; and calculation indicates that all the stronger 
breaks in the obaerv^ed curves may be correlated with the higher energy states 
of the free atoms or ions. Different results may also be expected for the pure 
metal and for the oxide. 


On the Reflection a^id Refractwn of X-Rays by Perfect Crystals, 

By G. W, Bkindley, M.Sc., University of Leeds. 

(Communicated by R, Whiddington, F.R.S. — Received November 8, 1932.) 

1. Introdiwtion, 

It is now well established that from the point of view of the theory of X-ray 
reflection, the majority of crystals can be divided into those which are relatively 
perfect and those which are relatively imperfect or mosaic. The intensity of 
reflection of X-rays by the former has been much less extensively studied than 
by the latter and hitherto no really satisfactory agreement appears to have 
been found between the observed intensities of reflection from highly perfect 
crystals such as diamond and the results predicted by the theoretical treatment 
of the subject. It will be shown in what follows that this lack of agreement 
is very largely removed when the atomic scattering factor, /, which plays such 
an important part in the theory of reflection by mosaic crystals, is taken into 
account for perfect crystals. 
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2. The Theoretical Treatment of X-ray Reflection by Darwin anA 

EwaU. 

A brief account will first be given of the theory of X-ray reflection as 
developed by Darwin* in which a formula for the intensity of reflection is 
derived by considering the phase relations between waves manifoldly reflected 
inside a crystal ; Darwin showed that for an ideal crystal, reflection should be 
perfect over a small angular range A0 and outside this range should fall 
abruptly to zero in the manner indicated in fig. 1. The reflected intensity 
is proportional to the magnitude of the range A0, the centre of which, Gq, 


t 

/ 


Fm. 1. — Theoretical reflection curve for a perfect crystal. 

coincides approsmately with 0 b> angle given by the simple Bragg law, 
but not exactly owing to the appreciable refraction of X>rays by crystals. It 
follows from Darwin’s treatment that 

A6 = q'Kjnd cob (1) 

where d is the spacing of the lattice planes taking part in the reflection and q 
is the fractional amplitude scattered by a single plane of atoms in the direction 
of the reflected beam ; q is given by 



where n is the number of atoms per unit area of the plane, / is the atomio 
scattering factor, and e, m, and c have their usual significance. Actually 

* ‘ PUl. Mag.,’ vol. 27. pp. 316, 676 (1914) ; yoI 43. p. 800 (1982 ). 
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Darwin uaes/in the same sense that/e*/mo* is used here. If N is the number of 
atoms per unit volume, then n = Nd, whence it follows from (1) and (2) that 


Ae - 


2^/_^\ / 

7r sin 20^ 


(3) 


This formula applies only when the incident radiation is plane polarized with 
the electric vector normal to the plane of incidence and to crystals containing 
atoms of one kind only at the points of a simple lattice. If the incident radia- 
tion is unpolarized, an additional factor must be includfjd of the form* 



the positive sign applying when 26^ < 90° and the negative sign when 20y > 90°. 
Eor lattices which are not simple and which contain atoms of more than one 
kind, / must be replaced by |F| ; F is the structure factor for the unit cell 
and is given by 

F==SAc^n, 

where is the phase of the waves scattered by the nth atom and the sum- 
mation is over the whole celh 

Then, in the general case, the average breadth A0 of the region of perfect 
reflection for unpolarized radiation is given by 

XE 2NXV e* \ IIP 1 1 ± cos 20o 

and ^ . (4) 

fote,>46"J 


It follows from these equations that the intensity of reflection by a perfect 
crystal should be proportional to |F| cot % for 6® < 45° and to |P| tan % 
for % > 45°. 

X-ray reflection by perfect crystals has been considered by Ewaldf from a 
different point of view, namely, under what conditions the waves scattered 
by the induced dipoles in a crystal give rise to a strong reflected beam of the 

• Bwald, • Phys. Z.,’ vol. 27, p. 182 (1926), 

t ' Ann. Physik,* voL 49, p. 1 (1016) ; vol. 84. p. 819 (1918) ; ‘ Phys. Z.,’ toL 26, p. 29 
(IMS); vol.27,p. 182(19M). 
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Bragg type. Owing to the interaction between the scattered waves and the 
direct wave, the radiation is transmitted with a slightly different velocity 
and direction inside a crystal ; as in optics, this may be represented empirically 
by a refractive index [i. EwaJd shows that for an ideal crystal, reflection is 
perfect over a narrow range of angles from 

^===0 to ^ = 4/a 

where 

^ ^ sin 20 . (6 ’ 0|,) and 1/fi — {(x — 1), 


0^ is the glancing angle of reflection given by the simple Bragg law. If the 
classical expression for refraction is assumed to liolcl in the X-ray region, 


(fx-1) 


V N, 

27W?, k ' 


(^) 


and if v is not too near a critical absorption frequency so that V;* can be 
neglected, theti the range of perfect reflection is given by 


A Q 2N \ 1 

7c me®/ ‘ sin 20 ’ 


( 6 ) 


This equation is valid for a simple lattice containing dipoles of only one kind. 
For a lattice which is not simple or which contains dipoles of several kinds, 
Ewald shows that 


i: \mc^/ sin 26 


(7) 


where S is the structure factor of the lattice. S is similar to F, but omits the 
scattering factor /. For unpolsrised radiation, 


Ae = . (^) |8| cot 6 for 0 < 45° ' 

and r • 

= 181 tan 6 for 6 > 46° 


(«) 


These equations are very similar to the corresponding equations given by 
Darwin’s treatment, the only difference being that they do not incorporate 
the atomic scattering factor. 


3. Oompamon with Experimental ReeuUs. 

The main difficulty which has arisen in testing these conclusions has been 
the lack of sufficiently perfect crystals, diamond and calcite crystals being 
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almoat the only crystals which have so far been found suitable. Bhrenberg, 
Ewaid, and Mark,'*' in particular, have made an extensive series of experimentB 
on the intensity of reflection of X-rajm from single crystals of diamond as 
perfect as could be obtained and their results will now be considered in relation 
to equations (4) and (8). As only relative intensity measurements were 
obtained, it is unnecessary to consider the constant factors in these equations 
and they may therefore be written more briefly as follows ; — 

_ rlFlcote (8<46^)'\ 

From equation (4), I qc A6 ac J I (4') 

^ L|F|tan6 {0>45")J 

_ rlSU'Ote (0<45^)>, 

From equation (8), I A6 oc J I (8') 

^ 1 jSjtanO (0> 45°) J 

The structure factor for the diamond lattice is easily calculated if the atoms 
are assumed to be spherically symmetrical. There are 8 atoms in the unit 
cell of the lattice. For spectra of t3^e (A, i, 1), the structure factor is S = 4 \/2 
if h, k, and I are all odd numbers. If two indices are odd and one even, or two 
even and one odd, S = 0. If all three indices are even, 8 — 8 unless A/2, 
Jb/2, and 1/2 are odd, when 8 = 0. Actually a weak (2, 2, 2) reflection is 
observed which suggests that the atoms are not exact ly spherically symmetrical. 

In fig, 2, the experimental results of Ehrenberg, Ewald> and Mark are repre- 
sented for a diamond crystal of ellipsoidal shape. The intensities are in 
arbitrary units and are plotted against cot 0 for 0 < 46® and against tau 6 
for 0 > 46°. The circles are for reflections with three odd indices, S =» 4 \/2, 
and the triangles for reflections, with three even indices, 8 = 8; the crosses are 
obtained by multiplying the intensities of the former by \/2 and they obviously 
lie close to a mean line drawn through the triangles. Results of a similar 
character were obtained for a second diamond crystal, but as these were con- 
sidered to be less reliable than the results for the first crystal, they will not be 
considered here. 

Now according to equation (8'), the intensities of reflection should be pro- 
portional to cot 0 for 0 < 46° and to tan 0 for 0 > 46° for spectra of a given 
type. This is illtxstrated in fig. 2 where I in arbitrary units is plotted against 
cot 0 and tan 0 for different values of the proportionality constant. It is 
seen at once that the theoretical line might be made to fit the experimental 
results approximately for 0 < 45°, but there would be no agreement whatever 
for 6 > 46°. 


VOL, CXL.~A. 


* ‘ Z. KristaUog.,* vol. 66. p. 547 (lft28). 


X 
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PosBible explanations for this lack of agreement between the experim^tal 
and theoretical results for large values of 6 are discussed by Ehrenberg, Ewald. 
and Mark* in an important passage. They observe that the discrepanci<?s 
may be attributable to the effect of the atomic scattering factor of carbon, 
but that this conclusion would only be valid if it (ionld be proved that the 
discrepancies do not arise from small imperfections in the crystal lattice of 



Fio. 2. — Comparison of the observed intensities of reflection from diamond with the 
theoretical value, the atomic struotore factor being omitted. 

the diamonds used. On general grounds it is obvious that any lattice imper- 
fection would have a far greater effect on high order than on low order reflec- 
tions, just as with an optical grating with badly ruled lines. The heat motion 
of the lattice, if appreciable, would similarly reduce the intensities of the 
high order reflections ; Ehrenberg, Ewald, and Mark show, however, by direct 
e^>eriment that the heat motion of the diamond lattice has no appreciable 
effect on the reflected intensities. 

It will be shown in the following sections that when a correction is made for 

♦ ‘ Z. Kristallog./ roL 66, p. 680 (1928). Es liegt nahe, dieee Benochteiligung duroh 
den Atomfaktor zu deuten. Aber diesor SchlusB wftre erst darm eindeutig, wenn atooag 
erwieBen w&re, dass nicht doch Unvollkoromenheiten des Kristallgittcrs in den hohmi 
Ordnungen sioh stdrend maohen, die bei den niederon Ordnungen nooh keine weeentliohe 
RoUe gpielen.’* 
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the atoxnio acattering factor, the diacrepanciea between the experimental 
and theoretical results largely disappear. 

4. The AUmtw Scatter i tig Factor for Carbon. 

Values of the atomic scattering factor /for carbon have recjently been given 
by James and the writer.* These values were calculated on the assumption 
that the (*arbon atom is spherically symmetrical, an assumption which is 
probably only approximately true for diamond as is shown by the existence of 
the (2, 2, 2) n^flection. Any lack of spherical symmetry, however, will be 
confined mainly to the L electrons wliich contribute a{)pre(aably to / only at 
small angl<\s ; tliis is shown by James and the writer in their fig. 3. For 
{sin 0 )/a> 0*4, the L electrons do not contribute appreciably to/. It will 
be sliown in what follows that, with only one exception, all the experimental 
results are for values of (sin 0)/X> 0-4 ho that any uncertainty in/ arising 
from the L electrons will not affect the conclusioas of this paper. The / 
values previously cahmlated for carbon have been extended to larger values 
of 0 and are tabulated in column 6 of Table II. They refer to the scattering 
by a carbon atom at rest and if there is any appreciable lattice vibration in 
diamond (thermal vibration and zero point energy) a correction has to be 
made of the formf : 

where 



In this expression for M, ^{x)j£ is a function given by Debye which depends 
on thermal vibration and the additional 1/4 takes into account the zero point 
energy of the lattice. Experiment and theory both show that for diamond 
at ordinary temperatures, the temperature factor is negligible ; experiments 
at high temperatures and at the temperature of liquid air have failed to show 
any variation of the intensity of reflection with temperature. 

The zero point energy factor, however, does not depend on the temperature 
and its presence or absence would not be revealed directly by carrying out 
experiments at different temperatures. It has been pointed out to the writer 
by James in a private communication that for large angle scattering, the effect 
of zero point energy is appreciable, for although the characteristic temperature 
€) of diamond, I860®, is high compared with the characteristic temperatures 


X 2 


* ‘ Phil. Mag.,’ vol. 12, p. 81 (1931). 
I See James and Brindley, loc. cU. 
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of other crystals, the mass m of the carbon atom is relatively amall. For 
zero point energy alone, 

6A* 1 /8me\* 

In this expression, h is Planck’s constant (6*647 X 10“^), k is Boltzmann’s 
constant (1-371 X 10"^*), m is the mass of the carbon atom (12-00 X 1 -662 X 
10~“), and © is 1860°. If X is in A., then 

M = 0-128 (“^)‘ 

This leads to the values for given in Table I. 


Table I. — Correction Factor for Zero Point Energy in Diamond. 


(fiin $)/ X . j 


(ftin ^)/ A . 

eJ*. 

0 

1 1*0 

0*8 

1*085 

01 

1001 

0*9 

1*109 

0*2 

1*006 

1*0 

1136 

0*3 

1 1 012 

1*1 

1 • 166 

0*4 

1*021 

1*2 

1*202 

0*5 

! 1*032 

1*3 

1*241 

0*6 

i 1*047 

1*4 

1*286 

0*7 

1 1*064 




Using these values of the corrected scattering facjtor ft has been cali'-u- 
lated ; values of ft are given in Table II, column 6. It is seen that the cor- 
rection for zero point energy becomes appreciable only beyond (sin 6)/X — 1-0. 

The atomic scattering factor is usually represented as a function of sin 0 
or of (sin 0)/X and it then shows a rapid fall at small values of sin 0 owing to 
the outer electrons contributing appreciably only at small angles, followed by 
a much less rapid fall caused by the inner electrons scattering appreciably 
<^veu at large angles. For perfect crystals, it is the variation of / with cot 0 
and tan 0 which is important ; this is shown in fig. 3. For 0 < 46°, / varies 
almost linearly with cot 0 (except for very large values of cot 0), and for 
0 > 46°, /is almost constant with respect to tan 0. 

r>. Oomparison of Expermenlal and Theoretical Remits taking into Aooomd 
the Atomic Scattering Fojdor, 

With the data given above, the variation of the reflected intensity with angle 
can be calculated according to expression (4') ; neglecting constant factors, 
we have 

ft cot 6 for 0 < 48° ^ 

I oc tan 6 for 0 > 46° j 



Rejiection and Refraction of X-Rays. 

Table II.—/ Values for Carbon. 


309 


(•ia S)l\. 

8in 0 for 

A -= 0-708 A. 

r. 

oot ^ < 46 ". 
tan ^>* 45 ". 

/ (carbon). 


0 

0 

0 

GO 

6*00 

6*00 

0 05 

0 036 

2*0 

28*6 

5*6 

5*6 

010 

0 071 

4*2 

13*6 

4*6 

4*6 

0*15 

0*100 

6*1 

9*36 

3*66 

3*65 

oao 

0 142 

8*2 

6*94 

3*0 

3*0 

0-26 

0 177 

10*2 

6*66 

2*62 

2-52 

0*30 

0*212 

12*2 

4*62 

2*25 

2*23 

0-40 

0*283 

16*4 

3*40 

1*9 

1*86 

0*50 

0*354 

20*7 

2*66 

1*7 

1*65 

0-60 

0*425 

26*2 

2*12 

1*55 

1*48 

0*70 

0*496 

29*7 i 

1*76 

1*42 

1*33 

0-80 

0*666 

34*5 

1*46 

1*3 

1*20 

0-90 

0*637 

39*6 

1*21 

M 9 

1*07 

100 

0*708 

46*1 

1 * 0 <J 

1*09 

0*96 

1-10 

0*779 

61*2 

1*24 

0*97 

0*83 

1*20 

0*850 

58*3 
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0*88 
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0*886 

62*2 
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0*83 

0*68 

1-30 

0*921 

67*1 

2*37 

0*78 

0*63 

1-35 

0-956 

73*0 
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Fio. 3. — Atomic struotuie factor. /„ for carbon. 


The results are shown in fig. 4 for different values of the proportionality factor. 
There is seen to be a close similarity between the curves and the eatperimental 
results particularly at values of 6 greater than 46®. The agreement between 
experiment and theory is still not exact, but is obviously very much better as 
a result of taking into account the atomic scattering factor. 

Several possible reasons may be found for the lack of exact agreement 
between the observed and the oaloulated values, but one which it is important 
to mention is the influence of the actual shape of the diamond crystal on the 
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reflected mtcnnities. This is because the intensity of reflection by perfect 
(crystals, according to Ewald’s treatment of the theory, is different for the 
Lane and Bragg arrangements, the maximum reflected intensity in the latter 
case being twice that in the former. Although the experimental results 
used in this paper were obtained for ‘a (jrystal of ellipsoidal shape, it is not 
<*ertain whether the “ crystal form factor is quite negligible. The differences 
observed between the experimental results for this (^ystal and the results for a 
crj^tal of octahedral shape may arise possibly from this cause. However, 
although it would certainly be necessary in any exact comparison of experiment 



6 5 4 3 2 12 3 4 S 

Tan (if a* 45 y * Cotoje- 4SV 

Pto. 4. — Ooxnparison of observed results with tbeor>^ with the atomic structure factor taken 
into account, 

and theory to take into account considerations of this kind, it is satisfactory 
for the present to find that when the atomic 8catt(5ring factor is included in 
the calculations, there is a very much better general agreement between 
experiment and theory. 

6. On the Refraction of X-rays by Perfect Crystals, 

The results discussed in the previous sections have an important bearing 
on a method suggested by Ehrenberg and Mark* for the determination of the 
♦ ‘ Z. Physik,’ vol. 38, p. 129 (1926). 
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refractive indices of perfect ciystals for X-rayu. In fig, 1 , 63 is the glancing 
angle of reflection given by the simple Bragg reflection law, nX = 2<i! , sin 6 b> 
and the centre of the reflected beam, is the angle measured experimentally. 
The difference between 63 and 6 q depends on the refractive index of the crystal 
for the radiation employed. Ehrenberg and Mark have pointed out that all 
methods of determining refractive indices based on the iTieasurement of 
deviations from the Bragg law depend on only half the width of the reflected 
beam and that it should be possible with perfect crystals to determine their 
refractive indices directly from measurements of the tot al width of the reflected 
b<iam. The question therefore arises whether the atomic scattering factor 
must be taken into act^ouut when the width of the reflected beam is considered. 
Darwin indicates that the scattering factor / reduces the intensity of reflection 
by reducing the widtli of the region of total reflection and the results given in 
the previous sections support Darwins conclusions. There is also direct 
evidence ; Davis and Purks,* for example, have measured the angular widths 
of reflections from highly perfect calcite crystals. Their results for X — 0*708 


A. and X — 1*537 A. are compared with AO c 

alculated from equation (4) 

Table III. 


Table 111. 






Antriiliii* widths. 

A in A . 

Ollier Ml 

1 ir I 



I'eliection. 

Mm- 

OVisnrvfd. 

Culotilatwl. 


1 

0-708 

i 

1 i 

I 1 

25*1 : 

3 *'2 

3 -2 

(>•708 

■1 1 

U‘0 

0*9 

0-7 

1-537 

1 

25 0 

.5-4 

0-4 

1-537 

1 •> 1 

: “ 1 

11-0 

1-7 
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The agreement between the observcid and cahmlated values is very close. 
If Z, the atomic number, which for calcite is 60, is used in place of [Fj the 
agreement between the observed and calculated widths completely disappears, 
particularly for the second order reflections. 

It follows from Ewald’s treatment of the theory of reflection that the range 
of perfect reflection is 


AG 


4 (1 — f^) 
sin 20 


or, if the incident radiation is unpolarixed, 


A0 


4(1 -[ l ) ( 1 ± cos 20 
sin 20 V 2 


( 10 ) 


* * Phys. Rev.,’ vol. 34, p. 181 (1929). 
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Darwin's treatment leads to the iollowing equation 


A0 = 



/ ^ l±oos2e 


( 11 ) 


for a simple lattice composed of atoms of one kind ; in the general case, / 
must be replaced by S {/„e**n). 

n 

Ehrenberg and Mark carried out experiments on the angular widths of 
reflections of a number of tungsten L lines from a very fine zinc blende crystal. 
The wave-lengths employed varied from 1 ’2419 A. to 1*4845 A,, all of which 
are in the region of the K~absorption edge of zinc. Those data are not very 
suitable for testing equations (10) and (11) because it is now well established 
that for wave-lengths in tlie neighbourhood of an absorption band the scattering 
factor /is not a fimction solely of (sin 6)/X but has values which are definitely 
smaller. The uncertainty in / for 7 m for the wave-lengths used by Ehrenberg 
and Mark makes their data unsuitable for the present calculations. The 
results obtained by Davis and Parks are more suitable ; their results for the 
first order reflections are probably more reliable than for the second order 
reflections, the first order reflections being wider and therefore more easily 
measured. Their data for the first order reflcftions lead to tlie results given 
in Table IV. 


Table IV. 


Calculated Valuers of (1 — p,) for Calcite. 

I From (10). j From (11). 


A ^ 0'708 A 3-0 X 10-* j 1-8 x lO’* 

A-1'S37A I 13-(l X 10-* I <t-8 X 10-* 

Values from other Sources. 

A - 0-708 A (1 -- n) 2-0 X 10-* (Davis aiwl Hatley). 

A 0-708 A (1 - /i) -= 2-03 X 10-* (Hatley). 

A -= 1 -637 A (I - n) 8-48 x 10-^ (Linnik and Lasehkarew). 


The data given in Table IV show that the values of (1 — p.) calculated from 
equation (11) agree very much better with the values from other sources than 
the values calculated from equation (10). The results given by Davis and 
Hatley* were obtained by a method involving the measurement of deviations 

* jDavis and Hatley, ‘ Phys. Rev.,’ vol. 28, p. 290 (1924) ; Hatley, ‘ Phys. Rev.,’ vol 

84, p. 486 (1924). 
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from the Bragg law, while the result given by Linnik and Loechkarew* was 
obtained by measuring the critical angle of reflection. 

Finally I would like to express my indebtedness to Dr. W. T. Astbury and 
to Professor Dr. P. P. Ewald for reading the manuscript of this paper. 

7, Summary, 

It is pointed out that no really satisfactory agreement appears so far to 
have been foimd between the observed intensities of X-ray reflections from 
perfect crystals and values calculated theoretically. Such comparisons have 
not previously takun into consideration the atomic scattering factor/, which is 
so important in the theory of X-ray reflection by imperfect or mosaic crystals. 
Experimental results for diamond by Ehrenberg, Ewald, and Mark are con- 
sidered in relation to the theoretical results of Ewald and Darwin, and it is 
shown that when the scattering factor for carbon is taken into account, there 
is a reasonably <Io8e agreement between the experimental results and the 
calculated values. 

The foregoing results are considered briefly in relation to h method suggested 
by Ehrenberg and Mark for obtaining the refractive indice*s of perfect crystals 
for X-rays by measuring the angular widths of the reflected beams. It is 
shown that if the atomic scattering factor is taken into account when the 
widths of the beams are considered, results can be obtained in satisfactory 
agreement with values obtained by independent methods. 

* Linnik and Lusohkart'W. ‘ /. Phvflik,’ voJ. 38. p. 659 (1926). 
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On a Penetfdting Radmt/ion frorn Thunderclouds. 

By B. F, J. ScHONLANB, M.A., Ph.D., Senior Lecturer and Fellow in Physics, 
and J. P. T. Viuoen, M.Sc.,_The University of Cape Town. 

(Communicated by C. T. K. Wilson, F.R.S. — Received November 15, 1932.) 

The possibility of the production of fast p-rays by a charged thundercloud 
has been discussed by Professor C. T. R. Wilson, *** who has shown that such 
a cloud should spray upwards a stream of “ runaway electrons ” of energy as 
high as 6 X 10® electron-volts. The action of the earth’s magtietic field u]K)n 
this stream should cause it to return to the earth at considerable distaiKies 
from the cloud, supposing that the energy of th(‘ partich^s was not converted 
into y-radiation by nuclear encounters on the way. 

A search for such particles in the rt^gion below a thundercloud has already 
been made by one of us,f but without success. The fact that they are not 
produced in this region can be ascribed either to the field being too small and 
limited in extent or to the effect of nuclear stoppage. Although their prestuioe 
would have strengthened the original suggestion, their absence doi‘s not 
invalidate Wilson’s view that upward-moving particles generated in the strong 
field within the cloud do exist. To test this suggt‘stion directly, however, k 
a more difficult problem, for the supposed electron spray as it returned to 
earth would be spread out over a wide region and its intensity at any particular 
point would not be large. 

An account is given in the present paper of some experiments made upon 
distant thunderclouds in the summer of 1931-1932. The instrument used was 
a Geiger-Miiller tube counter, which registered the ionizing particles entering 
it. The observations to be described show that such a counter exhibits two 
effects caused by distant thunderstorms. The first of these is a pronounced 
tendency towards registration of an impulse at the tnoinent a distant lightning 
fliish occurs. The second is the registration of more impulses during a time- 
interval of a few seconds btdore a lightning flash than during the corri^sponding 
interval after a flash. 

These effects appear to us to arise from the Wilson process mentioned above, 
but further observations are necessary before we can be certain that the 

• ‘ Proo. Camb. Phil. Soc.,’ vol. 22, p, 634 (1925) ; ‘ J. Franklin Inat.,’ vol. 208, p. I 
(1929). 

t Sohonland, ‘ Proo. Roy. Soc.,’ A, vol. 130, p. 37 (1930). 
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location of the thunderstormH is in act^ord with that to be anticipated if magnetic 
b(*ndmg of fi-particles were the manner in which they are tran8initted. 

§ I . Apparatus. 

A Qeiger-Miillcr tube counter was arranged to give an automatic record of 
the passage of ionizing particles tlirough it. The impulses were conveyed 
after amplification to a relay which operated the pen of an 
elcfitric (ihronograph. A second pen marked upon the same 
tapci the moments at which lightning flashes took place, the 
sudden field changes being picked up by an aerial connected 
to a two-valve amplifier with a relay in its output circuit. 

A third pen, operated by a chronometer with electrical 
contacts, marked half-seconds on the tape. 

The counter, which is shown in fig. 1, was a sealed portable 
type devised by us and constructed in Cape Town. The brass 
tubij was 15-6 cm. long, 3*8 cm. in diameter, and 1*5 mm. 
thick. It was mounted inside a glass tube to which a fiat brass 
base-plate B was joined with sealing-wax. (Connection to the 
central wire was made through a platinum seal and spring 8, 
and the base-plate was joined to tin* rount(u-tube by means 
of a spring contatjt. The two tubes were fillt'd with argon at 
a pressure of about 3 cm. A circular drying tube T, filled with 
silica gel, was found to improve the action of the count (t and 
to prevent a ris(^ of working voltage after filling. The potential 
differences required to operate thi^ counter, about 700 volts, 
was supplied by a battery of dry cells. It was measured 
and kept under control with the aid of an electrostatic volt- 
meter with a sensitivity of 1 *5 scale divisions per volt. This 
instnimeni;, shown at V in fig. 2, was a modification of the Fio. i. 
mica mirror electrometer deRcrib(^d by one of us.* 

The counter impulses passed through a two-valv(^ n^sistance-capacity 
coupled amplifier, fig. 2, to a polarized relay of standard Post Office pattfirn. 
The tongue T of the relay operated a chronograph pen by breaking the current 
through th(5 pen-magnet M. On returning to its position of rest, the tongue 
earthed the grid of the first valve and so placed the arrangement in a position 

♦ Schonland, ‘Proc. Oamb. PhiJ. Soc..’ vol. 25, p. 340 (1029). 
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to record the next impulse.* By bringing a few milligrams of radium near 
th(^ counter, the fastest rate at which the pen could be worked was found to 
be 170 impulses per minute. The maximum rate used in th(i actual experi- 
ments was 12() impulses per minute. The flat portion of the characteristic 
curve relating the number of impuls<;8 recorded per minute to the applied 
voltage extended over a range of only 10 volts. In these experiments, however, 



as will b<^ seen, the operating efficiency of th(i counter was of secondary iitipor- 
tance. 

The (30unter with its amplifier and relay was mounted in a zinc-lined box 
(conuect(‘d to earth) to screen it from disturbances due to electromagnetic 
waves. As a further precaution, adopted at a later stage of the experiments 
(aft-i'r Storm 22), all the additional equipment, including high and low tension 
batteries, meters and switches, was placed in another large zinc-lined cose 
and the leads carried inside an earthed pij)e. 

The coimter, whosi! axis was horizontal, had an iron plate 10 cm. thick 
bfdow it and was surrounded by an iron rampart of the same thickness. This 
left open a cone of semi-vertical angle 45^^ wdiich could be covered in when 
required by iron slabs. In certain experiments the shielding was increased 
to 20 cm. of iron all round the counter. The instrument was set up in an upper 
room in the Physics Department of the University of the Witwatersrand, 
Johannesburg, The data concerning the walls and roof have been given in a 
previous paper (Schonland, Im. cit.). 

The intrument used to detect the effc^cts of lightning flashes was placed 
in another room and at a distance of 30 metres from the counter. An aerial 

♦ Jacobsen, ‘ Nature,’ vol. 128, p. 674 (1931). 
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3(» metres long, at an average height of 5 metres, was connected to earth 
through a resistance of 1 megohm. The terminals of this resistance led a 
resistance-capacity coupled two-valve amplifier, fig. 2. As in the case of the 
counter amplifier, the plate current of the second valve passed through the 
primary of a step-down transformer whoso secondary was connected to a 
polariaexl P.O. relay. The tongue of this relay operated tlie circuit of the second 
chronograph pui. The two amplifiers and their relays were 30 metres apart. 

It was found that the lightning recorder was able to pick up the efiects 
of flashes judged to be about 70 kilometres away. By making visual observa- 
tions of the bghtning at night we, satisfied ourselves that the arrangement 
responded only to actual flashes. The single click of the pen, however, which 
was characteristic of the more distant discharges became multiple as a storm 
came nearer. It was found that the, sc^paratci clicks from neartT discharges 
corresponded to the separate strokes composing the main flash itself, for the 
sound of the pen clicks accurately reproduced the visible flicker of th(' discharge, 

^Coiuit er ^ 

* J sec ^ ~ 

Tdffhtnin^ 

_ Ttme^ 

Counter H ~ 

LighXnit}^ 

Fio. 3. — (a) Distant lightning flash ; (6) flash at 1 *5 km. 

An example of a typical distant lightning record is shown in tig. 3 (a) and 
of a near discharge 1 *5 km. away in fig. 3 (6). When the thunder following a 
discharge was audible it was marked upon the t«^e by interrupting the time- 
marking for half a second, as in fig. 3 (6). The distances of the nearer discharges 
could then be determined from the lightning-thunder interval. The prt'sent 
paper deals mainly with observations on distant storms, the discharges from 
which did not give audible thunder. Where distances are given they are 
generally estimates based on the heights of the clouds or tlie lengths of the 
flashes. 

The chronograph, made by the Cambridge Scientific Instrument Company, 
was placed in the same room as the counter and about three metn^s from it. 
The tape was driven through at rates ranging from 2 to 6 cm. per second. 
The movement of the pens was due to springs whit^h operated as soon as the 
relays out o£E the currents from the pen-magnets. Sparking at break on the 
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relay-points was prevented by shunting the gaps with condensers and series 
rc^sistances, fig. 2. 

§ 2. Tests aivi Metlhods of Memurettuiut . 

The results to be described deal with the time relations between lightning 
strokes iuid counter impulses and the methods of examining these relations 
fall into two categories. In the second and simplt^st are those observations 
where all that is required is a knowledges of the number of countcir imptdsos 
occurriixg either 1, 2 or 5 seconds before or after any giv^m lightning discharge. 
Tliis information is easily obtained from the tape records without any special 
aids to measurement. 

The first set of measurements we shall discuss is also concerned with the 
distribution of counter impulses in time around lightning flashes, but in this 
case in the shortest time intervals whicJi can bt^ safely determined on the tapes. 
These measurements were made by enlarging tlu* records <^leven times with an 
(jpidiascope. The positions of the bt^ginnings of the pen movements due to 
<jouater impulses and to lightning discharges and the time scale were marked 
on large sheets of paper and then measured up with a pair of dividers. 

By comparing the results of measurements made by two observers it was 
found that the position of the beginning of a pen-marking could be located 
without error to within 1/200 second in all cases where the speed of the 
through the machine exceeded 2 (jm./sec. The speed, and so the resolving 
power, was generally greater and never less than this. 

A possible inaccuracy in the setting of the pens and a possible diSerence 
in their times of response to simultaneous counter impulses and lightning 
discharges was tested for as follows : a Wimshurst machine was set up within 
a metre of the Geiger counter, with one side of its spark-gap joined to a 
short aerial a few metres high, while the other side was connected to the earth 
lead of the counter amplifier. Each spark of the machine thus gave practically 
simultaneous impulses to the input circuits of the chronograph pens. Test 
records were made in this way at frequent intervals during the experiments. 
An example which shows that the joint efiects of differences in pen-setting and 
time lag amounted to lesvs than the limit of measurement 0-005 second is given 


in Table I. 

Table I. — Test for Lag and Pen-setting. 
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Lightning leading by (sec.) 
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0-001 
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<0-001 
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Very early in the exjxirinients it appeared that the records showed some 
evidence of tlie occurrence of systematic coincidences between the lightning 
and the (jounter impulses, and a series of tests was made to find out if these 
were of instrumental origin. It was possible, with two sensitive amplifiers 
in use, that the act of breaking tlic (jurrent in one relay circuit would involve 
the other by the omission of a feeble electromagnetic wave, in spite of pre- 
cautions such as shielding and the provision of condeiLsors across the relay 
pointh. 

To test whether the counter relay could set off the amplifier of the lightning 
recorder in this way, both instruments were adjusted to their most sensitive 
condition at a time when no lightning was taking place. The early morning 
was usually chosen. No movement of the lightning pen when the counter was 
set going could be detected. This test was made on several occasions for ‘k) 
minut es at a time. 

The reverse effect, the op(5ration of the counter amplifier by the lightning 
n eorder, was examined by utilizing times when a great deal of lightning was 
t aking place. The potential on the outer case of the counter was removed, but 
the counter amplifier left in action. Here again no mutual effect ex)uld be 
oteerved, the counter pen remaining silent while the lightning pen was in 
<'ontinuaJ movement. A variation of this t(*st in which the coimtor voltagt* 
was not removed but redu<^ed, so that it only gave occasional impulses, was 
also negative in its results. 

Finally, a test was made with an artificial thunderstorm. The Wimshurst 
machine, with a small aerial attached, was hvA up some 30 metres away from 
the counter, which it then was unable to affect directly. Counter and lightning 
recorder were set going and a record made as in an actual storm, tht^ sparks 
from the machine providing flashes at irregular intervals. The record was 
analysed by the method described in § 3 (Storm 0), and the analysis showed 
that in this case there was no evidence for systematic coincidences betweeii 
‘ ounter impulses and the kicks of the lightning recorder. 

These and other tests, to exclude such sources of trouble as the motor 
driving the tape-machine, sc<jm to make it quite certain that any systematic 
coincidences between counter impulses and lightning flashes must arise from 
the thimderstorm itself. 

§ 3. Evidence far Systematic Coincidences, 

If the counter impulses and the lightning discharges were two quite inde- 
pendent sets of events whose sequence and whose occasional coincidences 
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were governed by pure chance, the number of such coincidences would be 
subject to well-known laws. If n is the number of counter impulses per 
second, N the total number of lightning flashes on a particular record, and t 
seconds the limit of resolution on the tape, the expectation of chance coinci- 
dences on the record is 2Nnt. 

Inspection of the records showed that the number of coincidences sometimes 
considerably exceeded this <;hance expectation ; in certain cases th(i ratio of 
the number observed to the number expected was of the order of 10 ; 1. To 
get definite information on this point the records were measured up by the 
magnification method already described. Each record of a storm or set of 
Btonns was examined for impulses which lay within 1 /10th second of a lightning 



Fm. 4.~~Di«trihution of coimter<inipulge6 in time with respoot to lightning disohargM. 
{Horizontal time-intervals each 0*001 second.) 
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flftah, and for these impulses the exact timtv interval was determined to within 
(1-005 second. In tliis way tlie numbers of impulses occurring in intervals 
between t and — ^ f and 3/, — / and — 3(, and so on, were found. The results 
were then plotted on distribution curves which showed the number of impulses 
in each interval 2t seconds wide. This interval width was taken as 0*01 
8(^cond. The rc-sults of an examination of some 11 records are shown in figs. 
4 and 5. The dott(*d line in each case represents the numbtu. 2Nn/, of impulses 
which should have b<*en j)n^ftent in each inf erval from pur(' chance. 




6. — Distribution of counter-impulses in time with respect to lightning disoharges. 
(Horizontal time-intervals each 0 001 second.) 


Fig. 4 b<?gin8 with some storm records which do not show any evidence or 
syKtematic coincidences. The first, storm 0, is the artificial storm refiirred 
to in § 3, in which lightning (‘ffccts were produced by a Wimshurst machine. 
The next three storms, 9, 2 and 15, are real storms which faihid to show any 
effects other than those due to chance. There follow tlie distribution curves 
for storms 8, 13, 19, 21, 26 and 29, in each of wliich a pronounced peak occurs 
in the interval centred on the moments of occurrence of lightning flashes. 
The last curve of fig. 5 (storm 27) is referred to later on. 

That peaks of this nature are not due to chance can be shown as follows : 
If the average number of counter impulses occurring in any one interval is a?, 
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the probability that v impulses occur is ~ e""*. Thus the probability of the 
appearance of an interval with v or more impulses in it is given by 

W ■■ 00 

7> 2 . x'^e ®/|m, 

Wt k 

and the chances against the appearaiMM* of a peak of height v in any particular 
interval are l/p:l. Taking from fig. 3 the least prominent peak, that of 
storm 13, the chances are GO-7 : 1 against its appcaraiu^e at the centre of the 
distribution curve. The chances against, the appearance of the most prominent 
peak, that of storm 26, fig. 4, are 1*4 X 10 ^^ to 1 . 

All the availabh' information about the storms in these figures, and about 
others which have not been analysed by the magnifii^ation mid hod, is sum- 
marized in Tables II and IIL The records taken during a particular period 
of thunderstorm activity are given a S(irial number in column I and referred 
to for convenience as belonging to a “ storm ” witli this number. Actually, 
however, as the second and third columns show, there was always more than 
one storm in action during a run. The fourtli column gives tin* lime orauipied 
in the taking of a record, and the fifth the numl)er of flashes recorded in this 
time. The next three columns show the number of coineideiuics observed, 
the number of chance eoincidences expected, and the ratio of thesti two 
quantities. The method of studying coincidences by magnifying the record 
and plotting a distribution curve proved very laborious and was only used in 
H certain numbcir of cases, indicated in the tables. In other cases the number 
of coincidenc(‘.s was determined dirc(;tly from the records, using 0*01 second 
as the resolving power and 0*02 second as the interval width. A compariBon 
of the results obtained by the two methods in three cases, storms 2, 9 and 16, 
showed that for obtaining the approximate number of coincidences the simple 
direct method was quite reliable. 

In column 9 is given the average number of impulses recorded by the counter 
per second. The variation of the entries under this head is due mainly to 
variations in the potentials applied to the counter on different days. These 
are of no consequence in the present work, for the potential was kept constant 
during a particular run. The last column gives the thickness of iron placed 
over the top of the counter. The romaiaiag portions of the tables refer to 
questions discussed in the following section. 

It will be seen that Table 11 is devoted to those distant storms which showed 
systematic coincidences, and Table III to those which did not. No storms 
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nearer to the station than 25 km. are included in these tables, for none of our 
HMJords of storms within 25 km, show any (^videu(•e of systematic coincidences. 
Storm 11, for (ixamplts, wluch passed closfi overhead gave a record lasting 54 
minutes from tlie time it was 25 km. away to the south-west to the time when 
it had receded some 20 km. to the north-east. 1000 lightning flashes were 
recorded, of which 24 were coincident with counter impulses, while the chance 
expectation was 17, In fig. 5, storm 27, is showm the distribution curve 
obtained froin the record of a violent overhead thunderstorm, many of whos<t 
flashes occurred within less than 2 km. from the station. The slight peak shown 
in the curve cannot be considered significant. To follow up this point we have 
abstracted from all the recjords of overhead storms those close discharges whose 
distance is determinabh? from the lightning-thunder interval, and examined 
them for coincidences. The results are shown in Table IV below, the two halves 
of which refer to observations made with the top of tlie counter open and with 
the top closed by either 7 or 20 cm. of iron. 

Table IV. — Coincidences from Overhead Storms. 

I 


Top ojKni. 

Top closed. 

1 

1 


(’oinoidonuoH. 


Coiucidouoes. 

Oistanoe i 

No. (»f 



No. of 



(sees.). 

dwichar^es. 

ObwjrvfHl, 

j Kxpetod. 

1 

disuhai'ges. 

Olworvcd. 

Expeotad. 

0-9 

20 

1 

j 0*39 

52 

0 

0*78 

9-12 

49 

1 0 

1 0-74 

33 

0 

0-60 

12-15 

15 

0 

0-23 

22 

0 

0-33 

15-25 

16 

1 

0-24 

12 

0 

O' 18 

0-25 

106 

2 

10 ± 1-3 

119 

0 

18 ii a 


The table shows that there is no evidence for systematic coincidenwjs from 
these 225 very close discharges. It may be compamd with the results from 
storm 26 (Table II) whose 300 discharges at a distance of about 30 km, gave 
41 coincidences, 11 *4 times as many as should have arisen by chance. 

The multiplicity of tlic lightning discharge caused the ptm markings in the 
case of these near flashes to be spread over a considerable time, the separate 
strokes occupying sometimes a total interval of a se(X)ud. Since the separate 
kicks of the pen were not always clearly defined we have, in Table II, considered 
only those coincidences which occurred at the beginning of a discharge. 

The absence of any systematic coincidences from close discharges disposes 
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of the possibility that sudi coincidences can be du(^ to the response of the 
countcT anipliti(T to Hertzian waves. Tliree of the 78 discharges in the first 
line of Tal)lt‘ IV took place, according to the lightning-thunder interval, within 
less than 300 metr(‘s of th(‘ counter, and 11 within less than 1 knn, yet none 
of these were simultanoous with counter impulses. It follows from this argu- 
ment that the radiation from the distant thundercloud which gives rise to coin- 
ciding counter impulses is not ordinary long-wave eloetromagnctic radiation. 


§ 4. Evidnur for other Counter Impulses of l^humii^rsUmn Origin, 

In this section we describe the results of an examination of the tape records 
to dt'termine whether a thundercloud is able to affect a Geiger-Miiller counter 
at times other than the moment of discharge. The examination was based 
on the j)Ossibility that a cloud might give ris(^ to such counter impulses when 
approaching th(' fully-c hargc'd states before a flash tak(‘s plact\ 8ueh a thunder- 
storm effect sliould show itseflf as a diff(‘rence between the number of impulses 
recorded by the counter in two equal intervals of time respectively just before 
and just after a discharge. 

A lightning discharge more or less completely removcvS the electrification of 
a thundercloud, which thereupon begins to n^cover. Tins rficovery or regenera- 
tion of the cloud charg(*s follows a ciirvti which is approximately exponential, 
being very rapid at first and slowing down as the cloud approaches the fully- 
charged condition. The study of South African storms has shown that in 
general tlicy attain 90 per cent, or more of their full electrification 5 sef^onds 
before a flash ocicurs and have recovered less than 25 per cent, 5 seconds 
afterwards. We have therefon*- chosen thriie sets of time intervals for investi- 
gation, 1, 2 and 5 seconds before and after the flash takes place. 

Since the number of counter impulses in an interval is subjecit to statistical 
fluctuations, a considerable namb<‘r of flashes must be examined in this way 
befoK; on(‘ can hope to establish any forward excess, and certain precautions 
must be observed in making the naiasurements. Consider a portion of the 
record on which there an? two flashes, A and B, following one another at an 
interval of 5 seconds, fig. 6, and suppose that those are produced by two 
different storms, only one of which, B, Is effective in producing this type of 
counter impulse. The effect of storm B will bo greater during the interval AB, 
5 seconds before it discharges, than during the interval cA from 10 to 5 seconds 
biifore. Measurements made of the intervals cA and AB, 5 seconds before 
and after the ineffective flash A, should therefore show a backward excess due 
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to the presence of the later flash B. This effect will bo reversed on measuring 
the corresponding intervals AB and Bd for flash B. Thus in a summation the 
two flash im^asurcmonts may annul ca<-li other, though an effect is pn^sent 
from one of them. 

To avoid this difficulty the measurements were, restricted to those flashes 
which were clear of others behind by mon* than a certain time. For the 
measurement of the h-scH'ond intf'rvals the ch‘arance was set at 10 seconds, 
and for th(^ 1 - and 2'-se(^ond intervals at 4 s<‘conds. Flashes oecuirring in the 
forward intervals were allowed. Thus if, in fig. 0, A and B were 3 seconds 
apart, B would alone be measured up. Even if th<J B storm were ineffecjtive, 
the preseiK't* of an (‘ffective A storm flash 3 seconds before might cause B to 
show a slight forward f‘xcess. 

A second precaution was to exclude from the m('asur(unents all flashes 
which gav<’ ris(^ to coincid<‘nt countc'r- impulses, aecidtuital or systematic. 

St es , " 

^ 1 — p - 1 ■ T”’ r 1 T — 7~ r ; j — 

J I- f ^ n ■ ■ n n j i. a , jl. — rL_iLJl ....JT H H —.-Jl — 1 1 

■ R' R i 3 

Fig. 6. 

Flashes for which another flash in the forward interval gave a (^incidence were 
also rejected. The measurenumts thus stand by thcmselvt^s and are inde- 
pendent of any p()ssible flaw in the interpretation of systematic coincidences. 
In the case of a discharge sufficiently near to give a nmltiph^ marking, measure- 
ments for the forward int(;rval were mad(? from (Jio bcgimiing of the discharge 
and for the backward interval from the end. 

Th(^ results of an examination of the recjords of the distant storms discussed 
in the preceding section are shown in Tables II and III. The measur(unents 
for each of the three intervals of time occupy four columns. The first column 
gives the number of flashes on the record which were sufficiently clear behind 
to satisfy the above-mentioned criterion, the second gives the total number of 
counter impulses in the intervals before flashe.s occumid, and the third the total 
number in the intervals after the flashes. The fourth column shows the 
** forward excess.” Table II gives the data for those storms which showed 
systematic coincidences, Table III for those which did not.* The storms of 
Table II show a definite tendency towards an excess of the forward over the 

* The 1-BQOond intervalfi were not used for the storms shown in Table III. 
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backward counts, particular!}' tnarked in tin* case of storms 8 and 19. The 
totals given at the bottom of the table show that this forward excess in the 
case of tlie and r>-se<‘ond intervals ex<‘(*eds the probable error in the measure- 
ment by a factor of 2*1 and I *1 resfas t ively. For the l-second intervals it 
is 0*86 times th<* probable error. 

These figures ai'e, perhaps, not suftudentlv high to establish the reality of 
the effet^t looked for, but a graphical analysis of the data seems to bring it 
out quite strongly. This is shown in figs. 7 and <S, for the 2- and H-second 



Fig. 7. — Distribution of eounter-inipuheK in 2-secon(l intervals before tlasli ; 

after flash. Abaoissa? “ number of impulses in an interval ; ordinates number of 
intervals, m ► ^ average imml>er of impulses in 2 seconds. 

intervals respectively. Each set of curves in these figures relates to a particxilar 
storm record, and the ordinate gives the total number of cases in which a 
forward (or backward) interval contains the numbt>r of counter impulses 
represented by the abscissa. The results for tlie forward intervals are shown 
as continuous curves, while those for the backward int(jr\^als are shown dotted. 
The vertical line in each curve shows the average number of counter impulses 
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in the interval. This is determined from a count made on the whole tape 
record. 

All the curves shown, with the exception of tlio last one (storm 2), relate to 
storms from Table II which showtHl systematic- coincidences. This last curve 
is typical of the ineffective storms in showing no significant difference between 
the forward and the backward counts. The rest of the storms in these figures 
show with oiu* exception a definite shift forward of the curves for the forward 
intervals, Tlu* <*xception is storm 21. and may arise from the fact that in the 



Fig. 8 . — Distribution of counter-impulses in 5-8©oond iutervais. before flash. 

AbaoisBoe “ number if impulses in an interval. - — after flash. Ordinates 
number of intervals. < v ^ Average number of impulfles in 5 seconds. 

case of this measurement the counter was shielded on all sides with 20 cm. of 
iron. 

The examination of the records in the case of overhead and near thunder- 
storma shows that close lightning flashes give rise to a significant forward 
defect. This result confirms the conclusion of one of us that no runaway 
electrons are emitted downwards from a thundercloud.* The action of an 
overhead thunderstorm in cutting off some of the ionizing particles due to the 

♦ Sohonlond, ‘ Proc. Roy. Soc./ A, vol. 130, p. 37 (1030). 
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fmo-weatLer penetrating radiation has already been ob^served.* The further 
observations we have made on this question will be discussed in another 
paper. 

§ 5. The Location of the Effective Storrns, 

In the preceding sections we have brought forward evidence for the pro- 
duction of counter impulses by a distant thunderstorm (a) at the moment the 
cloud discharges, and (6) during the ft^w seconds before a discharge when the 
cloud is practically fully charged. It is convenient to distinguish between 
these two effects by calling the impulses of case (a) flash impulses and those of 
case (6) forward impulses. 

Since neither flash nor forward impulses are found when the storm is near 
or overhead the effects observed cannot b(^ due to ordinary Hertzian waves and 
further th(^ radiation which causes them cannot be emitted in a downward 
direction by the cloud. The simplest view to take is to suppose them to be 
due to electrified particles projected upwards by the cloud and subsequently 
bent downwards by the action of the earth’s magnetic field. The runaway 
electron theory of Wilson provides a mechanism for the production of upward- 
moving electrons and of energy initially as high as 5 x 10® volts. The subse- 
quent history of this electron spray in the earth’s field presents, however, a 
complicated problem, the main features of which have been given by Hulburt.* 
In equatorial regions, where the field is approximately horizontal, an electron 
shot upwards in a nearly vertical direction would descend to earth to the 
east* of the cloud. The dimensions of the region sprayed would be about 
100() km. for electrons of initial energy 5 X 10® e-volts. In higher magnetic 
latitudes, where the field is considerably inclined to the horizontal, Hulburt ' 
finds the spray to be more spread out, and exact calculation is difficult, though 
here also the tendency is for the down-coming particles to swing to the east* 
He finds also that for clouds in the Southern Hemisphere the spray will be 
mainly directed to the north and east of the parent thundercloud. 

To test this explanation of the effects observed, it would bo necessary to 
show that thunderstorms only produced them when at a sufficient distance for 
fast-moving particles to be bent down and when lying to the west of the counter 
itself. Since observations on distant thunderclouds always involve picking 
up the effects of two or more storms, means would have to be provided for 
distinguishing the flashes from different storms from one another. These were 

* * Phys. Bev.,’ vol. 37, p. 1 (1931) ; we have quoted this pai>er with “ east substituted 
for “ west ” as it appears to us that a slip has been made. 
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not availablt* in the present experiments, and all that could be done was to note 
the directions and distances of storms likely to affect the lightning recorder. 
This information is given in Tables II and 111, columns 3 and 2. The pre- 
ponderance of stomiK to the east of the station shown in Table II ia perhaps 
duo to the fact that we had a much better view in that direction than to the 
w<‘8t. The only storm about which we. have definite information with regard 
to location is No. 13, concerning whifth it was noted that no thunderclouds 
whatever could be seen to the east, north-east, or south-east of the station. 
Sincfi this record gave both flash and forward impulses from westerly thunder- 
storms, it supports the electron-spray explanation. In a repetition of the 
experiments we intend to examine this question with the aid of the wireless 
direction-finder. It may be, however, that the effects observed are owing 
to secondary produc ts of the Wilson particles generated by the thimderclouds, 
such as y-rays or neutrons. Until furth(‘r observations have been made it is 
not profitable to discuss such possibilities. 

§ 0. The Pemtratifig Power of the Padiafion, 

The radiation rcvsponsibhi for the effects described was able to penetrate 
con8id<*rable thi(5kn(*ss(*.s of iron. Storm No. 21 of Table II gave rise to flash 
impulses, though the counter was shielded with 20 cm. of iron all round. Three 
others, Nos, 13, 19 and 29, produced both flash and forward impulses through 
a shield of iron G cm, thick. 

It has been shown that the ioniiimg particles associated with the penetrating 
radiation, which are presumably in most cases fast electrons or protons, 
produce about 3G ion-pairs per (ientiraetre of path in ordinary air.* This 
would entail an (expenditure of less than 10® e-volts in traversing the whole 
atmospliere in a vertical direction once. Since the thunderstorm electron 
spray suggested by Wilson would have initial energy up to a maximum of 
6 X 10® e-volts it could traverse the atmosphere twice and still have sufficient 
energy on reaching the earth to penetrate considerable thicknesses of iron. 

§ 7. The Effect of the Charge Distribxjiiion in the Cloud upon the Emission of 

Fast Electrons, 

The evidence we have put forward in § 3 shows that while some thunder- 
storms give rise to flash impulses, others do not. The results of § 4 show that 
the same holds for forward impulses. Apart from the question of the location 


Looker, ‘ Phya. Rev.,* vol. 39, p. 383 (1932). 
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of the storm with respect to tfie counter, there are other reasons why a thunder- 
cloud may sometimes not be able to produce forward impulses at all, and why 
in some eases even flash impulses may be absent. 

As regards forward impulses, it is possible that the strong fields required 
within tht^ cloud may not extend over any considerable riigion except at the 
moment at which a discharge ocimrs. Further, it is po.saible that the potential 
difference between the upper positive pole of the cUmd and the conducting 
regions of the upper air may be very considerable during the tirac» that the cloud 
charges are being built up. If it was of the same order as that between the 
poles of the cloud, upward moving ruTiaway electrons would be stopped by a 
retarding field after they had left the cloud. Under these conditions the 
electrons responsible for forward impulses could not be produced at all.* 
The same argument would appear to discount the appearance of flash 
impulses as well. If, however, the first stage in a lightning discharge was a 
(ILscharge between the upper pole and the upper air, the condition within the 
cloud would momentarily be that contemplated by Wilson's theory, while 
the retarding field would be destroyed. The impulses from runaway electrons 
would thus occur only at the moment at which such a composite discharge 
took place. It would seem possible, therefore, that the presencje of forward 
and of flash impulses may depend upon the distribution of electric charge in 
the thundercloud considered. 

§ 8. Possible Effmts in an lonizatimi cfmnber. 

We may attempt to estimate the additional ionization to be expected in an 
ionization chamber from the action of distant storms by using the information 
given by these counter experiments. The effect due to flash impulses will be 
considered first. The storm record (No. 26), on which these were most frequent, 
showed one systematic coincidence for every eight liglitning discharges. Since 
two separate thunderstorms were involved in this record, we may assume as 
an optimum estimate that a single suitably placed thundercloud gives rise to 
one flash impulse for every’ four flashes, in a counter of the size used by us. 
A very active storm discharging four times per minute would thus produce one 
flash impulse per minute. This agrees with the fact that the storm records of 
Table II, with a duration of 145 minutes in all, were found to give a total of 
132 systematic coincidences. 

In fine weather the counter recorded about 100 impulses per minute, so 
flash impidees from a suitably placed storm should give an increase in the 
♦ We are indebted to Professor C. T. R. Wilson for this suggestion. 
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counter rate of the order of 1 per cent. It would be very difficult to determine 
this effect by an ionization method during the comparatively short time avail- 
able for observations. It is, of course, possible that the flash impulse corre- 
sponds to the entry of more than one particle into tlie counter. On the other 
hand it is well known that the fine-weather impulses represent to some extent 
the arrival of proton-electron groups travelling together. 

The figures for the forward impulses, though less certain, suggest that these 
might have a greater (*fTect. The average rates of production of forward 
impulses for the storms of Table II (obtained by dividing the total forward 
excess by the total number of flashes examined anrl the time interval) are 
0*08, 0*13 and 0*09 per second for the 1-, 2- and 5-second intervals before a 
flash. If we suppose that in general thret* storms were in action, of which only 
one was effective, these rates become 0*24, 0*39 and 0*27 forward impulses 
per second. Tlie production of suc h impulst^s can only occur during the time 
that the cloud charges are building up to their inaxiniUTu, a time of the order 
of 10 seconds. We may thus take 0-30 impulses per second as a reasonable 
upper limit for the average rate of produc^tion dtxring this period, and the total 
number of forward impulses befon? eardi flash as 3 *0. An active and suitably 
placed storm might therefore produce 12 forward impulses, from four flashes, 
per minute, and these would increase the ionization in a closed vessel by 12 
per cent. This is, of course, an optimum estimate, but it suggests that an 
increase of the ord(T of 5 per (‘ent, might l>e found from a storm in the correct 
position. 

We wish to express our thanks to Professor H. H. Paine of the University of 
the Witwatersrand for the hospitality of liis laboratory and tlie loan of the 
chronograph, to Professor A. Ogg of the University of Cape Town for his 
generous assistance and interest, and to Mr. J. Linton for much l»elp. We wish 
also gratefully to acknowledge a financial grant from the Kesearch Grant 
Board of the Union of South Africa. 

Stimfmrt/, 

An arrangement for the study of the time relations between the impulses of 
a Geiger-Miiller counter and the discharges of distant thimderclouds is described , 
The observations show that some of the counter impulses are systematically 
coincident with lightning flashes. Thew^ impulses and others occurring a few 
seconds before discharges take place are ascribed to a penetrating radiation 
emitted by the thunderclouds. The effects are not observed from storms 
distant less than 30 km. from the counter. 
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The Diffraction of Electrons m Mercury Vapovr. — II. 

By F. L. Arnot. Pli.D., Lecturer in Natural PhiloHOpliy, The UniverHity, 

St. Andrews. 

(Comm unioa ted by H. S. Alien, F.JL>S. — Received N(twmber Id, 1932.) 

Inirodmlion. 

The interferes nee of electrons is now a well established fact. It has Injcm 
shown* that when a homogeneona beam of electrons falls upon a regular 
arrangement of scattering centres, such as a ery'stal. a ruled grating, or a 
complex gaseous molecule, the angular distribution of the scattered eletdrons 
shows int(>rference maxima atid ininirua. 

The analagous, though distinct, idienumonon of the diffniciim of (dectrons 
has, however, only recently been demonstrated. Evidence* of the diffraction 
of (dectrons was first obt ained about two years ago by Bullard and Massey, f 
and the author.^ While investigating the angular distribution of elastically 
scattered electrons in mercury vapour I found well-marked maxima and 
minima. In this case the scjattering was produced, not by an ordered arrange- 
ment of scattf'ring centres, but by a random distribution of atoms. It has 
been 8hc)wn§ tlieorv*ticaliy that the rt^sults obtained can be satisfactorily 
explained on the assumption of scattering by a single <,5enl re, and consequently 
they represent a, true diffraction effect. 

The resxilis obtained by Arnot and by Bullard and Massey have subm^quentiy 
been confirmed and extended by Pearson, and Araquist,]! Ramsauer and Kol- 
lath,^ Hughes and McMillen and Webb,** Tate and Palmer, ft by Mohr 

and NicolhJi 

♦ Of. G. r. Thonujon, “ The Wave Meehauics of Free Kleotrons.” 

t ‘ Proc. Hoy. Soc./ A, voL 130, p. 579 ; vol. 133, p. 637 (1931). 

X * Proc. Roy. Soc.,’ A, vol. 130, p, 655 ; vol. 133, p. 615 (1931). 

§ Arnot, ' Pioc. Roy. Soc./ A, vol. 133, p, 616 (1931) ; Honneberg, " Natuiwiss.,’ vol. 80, 
p. 561 (1932) ; MaBsey and Mohr, * Proc. Roy. Soc./ A, vol. 136, p. 289 (1932) and previoua 
papers. 

II ‘ Phys. Rev.; vol. 37, p. 970 (1931). 

If ‘ Ann. Physik,’ vol. 12, p. 837 (1932). 

♦♦ Hughes and McMillen, ‘ Fhj^. Rev.,' vol. 39, p. 686 ; vol. 41, p, 39 (1982) ; Hughes, 
MoMillon and Webb, * Phys. Itev.,» vol. 41, p. 164 (1932). 

tt ‘ Phys, Rev.,' vol. 40, p. 731 (1932). 

%t ‘ Proc. Roy. Soc.,’ A. vol. 138, pp. 229, 469 (1932). 



DiffraUion of Electrons in Mercwry Vapour. 


335 


In my original work on mercury vapour, results were obtained over an angular 
range of 18® to 126®, and for electrons of various energies between 8 and 800 
volts. The prestuit paper deals with an (ixtcsnsion of this work to larger 
scattering angles, and to lower energies.* 

Apparatus. 

The apparatus employed in this work, with the exception of the electron 
gun, was the one which I used at the Cavendish Laboratory, Cambridge, and 
with which the original results for nic‘rcury vapour and other gases were 
obtained. This apparatus has been fully described in previous papers, f and 
the reader is referred to them for details and for an account of the experimental 
procedure. 

In order to obtain results at larger angles than was previously possible, an 
electron gun, shown in fig. 1, of a different type, had to be designed and built.J 


L A. A P K n I ,.///. \ 



Fio. 1. — Eloctron gun. 


All the parts including screws and nuts were made of copper, permanent joints 
and connections being silver-soldered. The tube G of 3 mm. diameter, at the 
centre of which was fixed a small T-piece containing the holes Hi and Hg, was 
supported by two clamps C on the copper tube T. The holes and Hg, which 
served to define the electron beam, were each 1 mm. in diameter, and wen* 
spaced 6 mm. apart. Two small copper posts P, with drilled heads and set- 
screws, were clamped to the tube T, but were insulated from it by the split 
cylinders of sindanyo 1. These posts served to support the filament rigidly 
in the centre of the tube 6. The filament, which was about 15 mm. of tungsten 

* A prelimmary report of this work apjjeared in ‘ Nature,’ voL 130, p. 438 (1932). 

t Amot, ‘ Proo. Roy. Soo,/ A, vol. 129, p. 361 (1930) ; vol, 130, p. 055 (1931) ; vol. 138, 
p. 615 (1931). 

t This was constructed by Mr. G, H, Ross in the laboratory workshops. 
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wire of 200 microns diameter, was spot welded to short lengths of nickel wire. 
These nickel ends were then slipped into the drilled heads of the posts P and 
secured by th(‘ set-screws. It was thus qiiite a simple matter to renew the 
filament. 

The tube T was supported by the clamps K from the pyrc^x glass tube L. 
This tube could be rotated about the axi.s 0 by a small ground glass joint, and 
the gun therefore set at different angles to the receiving system, fig. 2 . Thi^ 
entire gun could be removed from the apparatus by means of a larger ground 
glass joint. The filament leads and the lead to the anode of the gun passed 
down the centre of the glass tube L, through the ground glass joint, to seals 
outside the main l)ody of the apparatus. In order to ensure that the scattering 
took place in a field -free space it was necessary to shield the posts P, and the 
leads to them. This was effected by attaching to the tube G end plates E, 
over which the detac^hable (topper covers N, and could be slipped. 



A diagram of the essential parts of the apparatus is given in fig, 2, The 
receiving system consisted of three concentric cylinders containing the slits 
83 , 84 , Sft, and the concentrk^ Faraday cylinder K within the inner shielding 
cylinder. The dimensions of these slits w^ere the same as before (see previous 
papers, he. oU ,) ; but in order t^ allow the electron gun to revolve through 
the full angidar range of 360® the whole system was moved back, so that the 
distan«re of S* from the scattering point 0 was now 26 mm, instead of 12 mm. 
as before. Tl^e inside of the ijollision chamber was lined with the large nickel 
cylinder L, 
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A difference of potential of 9 volts was applied between the first two 
slits Ss and S4 to stop positive ions from entering the Faraday cylinder. An 
effective potential of := (V^ + — 3) volts, where is the energy of the 

primary electron Ixmin, was applied between the next two slits, S4 and S.. so 
as to stop all but the elastically scattered electrons from being received. And 
finally a ^mtential Vh of 20 volts was applied between the slit Sg and the Fara- 
day cylinder, to prevent secondary ekuJtron emission from the latter. 

Both in this work and in my previous w^ork with this apparatus it was 
noticed that the accelerating field between K and Sg iKUietrated slightly into 
the region between Sg and S4, across which the retarding field was placed. 
This pemjtration of the accelerating field into the retarding field causes part 
of tlie retarding field to be ineffective in stopping inelastically scattered 
(dectrons. The effectim valuti of is therefore always less than the actual 
value of Vy as read on a voltmeter connected bi'tween S4 and S5. It would 
not therefore be sufficient to set the actual valiu' of equal to (V^ + *“ 3) 

volts, for in this case some inelastically scattered electrons might be received. 
To insure that only t he elastically s(;attered electrons were received the following 
procedure was adopted, not only in this work, but also in my previous work with 
this apparatus. At eacli energy of the primary electron beam a velocity 
distribution curve of th(‘ scattered electrons was taken. From an examination 
of this curve the retarding potential could then be set so as to exclude from the 
Faraday cylinder all inelastically scattered electrons. This procedure was 
not made sufficiently clear in my previous papers, and has l<*d Tate and 
Palmer* to suggest that my previous results contained large numbers of 
inelastically scattered electrons. 

The glass work was of pyrex, and the whole apparatus up to within a few 
centimetres of the ground glass Joints was baked out at a temperature of 
360^^ C., the joints being kept below room temperature by means of water 
coolers. The apparatus was connected through a liquid air trap to a diffusion 
pump backed by a Hyvac pump, md a good “ sticking vacuum ” was obtained 
on a sensitive McLeod gauge. During a run the pumps were kept going with 
no liquid air on the trap. The earth’s magnetic field was neutralized by a 
single large coil set at right angles to the direction of the earth’s field. 

The current in the electron beam was measur<;d by the galvanometer G. 
Beams of from 0*1 to 1*0 microamps were employed. Retarding potential 
curves showed that the homogeneity of the primary electron beam was good, 

* ‘Phye, Rev,,’ vol. 40, p. 731 (1932). This criticism has been answered by a recent 
letter, aee Amot, * Phys. Rev,,’ vol. 41, p. 838 (1032), 
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the number of eleetroiiH having energies within 1 volt of the mean value 
being about lb per eent. when was 2 volts, and over 85 per cent, when 
was abovti 10 volts. The measured value of was checked by determining 
the ionization potential of th<^ gas. A Compton electrometer was used to 
measure the scattered current. This was worked under positive electrostatic 
control at a voltage sensitivity of 3000 mm. per volt. 


RpAfiiUs. 

During (^ach K^ading of the galvanometer, the strength of the electron 
beam, as recorded by the galvanometer 6, was noted. The electrometer 
readings were then divided by the galvanometer readings so as to corr(Jct 
for any variation in the intensity of the beam. This variation was not more 
than a few per cfuit. As in the previous work, readings were taken on both 
sides of the electron beam, and the true angular zero was then determined frf>n) 
the symmetry of the resulting curve. 
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The results obtained over an angular range of from 20° to 175° for electrons 
having various energies between 2 volts and 200 volts are shown in figs. 3 and 
4. The number at the side of each curve is the energy of the primary electron 
beam in volts.* The curves have all been reduced to a common pressure and 
a common value for the intensity of the electron beam. The ordinates of 
both figures represent in arbitrary units, where is defined thus. If a 
beam of electrons passes through a gas containing N atoms per unit volume, 
then NI(, is the proportion of the beam elastically 8catter(jd in the direction 
6 per unit solid angle and per unit length of the b(^am. The experimental 
points from which these curves have been drawn are given in Tables I to 


HI. 
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With the exception of the three upper curves for electrons of 10 volts, 11 
volts and 12 volts, all the curves in fig, 3 have been displaced in a vertical 
direction to lessen overlapping. The base line for each cxirvo is marked at the 
aide of the figure. The three upper curves have the same baseline. In fig. 4 
the curves have not been displaced at all. 

* The curves in fig. 3, reading from the top to the bottom of the figure, are in asoending 
order of electron energies. 
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Table III. 
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Tbe agreement between those results and the earlier results'" obtained over 
the angular range of 18® to 126° is quite satisfactory. The points shown as 
crosses on the 30-volt curve in fig. 3 are the experimental points for 30-volt 
electrons obtained in this earlier work. The most interesting feature of the 
new results is the strong backward scattering observed at angles near 180" 
for electrons having energies between about 50 volts and 10 volts. As the 
energy of the electrons is increased from 10 volts the maximum at 140° in 
the 10-volt curve moves out to larger angles, at first becoming higher and sharper, 
and then decreasing in height as it merges into the strong backward scattering 
at 180°. The two rudimentary maxima, which appear at about 66° and 90° 
in the 11-volt curve, gradually become more fully developed as the energy of 
the elections is increased. Whereas the maicitniim at 65° moves in steadily 
to smaller angles, the peak at 90° at first moves out to larger angles until the 
electrons reach an energy of about 40 volts, after which it changes its direction 
and moves in steadily to smaller angles until it finally merges into the main 


Amot, ‘ Proo. Roy. Soc.,’ A, vol. 130, p. 666 (1081). 
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peak at 0^. The change in the direction of movement of this peak at about 
40 volts was observed and reported in my earlier work on menmry vapour.* 



5^0. 8. — ^Angular distribution of elastically scattered electrons. Curves for 10, 11, 12, 
14, 16, 18, 20, 25 and 30‘Volt eleotrons. 

The 82- volt and 200-volt curves both show relatively little backward scatter- 
ing. Hennebergt has recently calculated a scattering curve for electrons of 

* In the earlier work it was thought that this peak at first moved in to smaller angles, 
but this is not confirmed by the present, more detailed, work over this region of electron 
energies. 

t Private communication. I am indebted to I)r, Henneberg for permission to mention 
these results. 
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203 volts. The general agreement between his theoretical curve and my 
experimental curve for 200-volt electrons is very satisfactory. The theoretical 
curve shows the three maxima found in the experimental curve, but in the 



Scattering angle 

Fio. 4. — ^Angular distribution of elastically scattered electrons, (a) curves for 2, 4, 6, 
7 and 8-volt electrons ; (b) curves for 42, 82 and 200-volt electrons. 

theoretical curve the maxima and minima are displaced towards smaller an^ea 
with respect to those of the experimental curve. Henneberg suggests that 
this effect may be caused either by neglecting the atomic shells in using the 
Thomas-Fermi field, or by neglecting the effect of polarization. 
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Considerable difficulty was experienced in getting the apparatus to work 
below the ionization potential. Although the intensity of the eh^ctron beam 
showed no appreciable diminution as the gun potential was changed from 11 
volts to 8 volts, the intensity of the scattered (jiirrent often fell oft considerably. 
What was more serious, however, was that the scattered current at small angles 
appeared to decrease exponentially with time. It could always be brought 
back to its initial value by raising the gun potential abov(i the ionization 
potential for a few seconds. This effect seems to indicate a (tharging up of a 
layer of grease, gas, or oxide on the slits of the receiving system, the charge 
being removed by the presence of positive ions. This explanation is supported 
by the fact that the scattered current was much larger, and did not vary with 
time, when the apparatus was heated to above C. by the baking-out 
hirnace. Unfortunately it was not possible to work the apparatus satis- 
factorily with the furnace on owing to the fact that the quartz insulation 
of the Faraday cylinder was not good when hot. 

In view of these difficulties th(5 results obtained for electrons of energy less 
than 10 volts are doubtful. They have, however, been included in fig. 4, as it 
is believed that they show in a general way the trend of the correct curves. 
It should be emphasized that the difficulties experienced with the working of 
the apparatus mentioned above only occurred below the ionization potential. 
Above 10 volts the apparatus gave no trouble at all. 

The absorption curve for electrons in mercury vapour'*' shows that, the total 
effective cross-section of the mercury atom increases rapidly as the energy of 
the electrons is reduced below the ionization potential. It will be setui from 
the curves in fig. 4, however, that in spite of the increased scattering power of 
the atom, the total scattered current is less for 2-volt electrons than for 7-volt 
electrons. This a.pparent decrease in the total scattered current as the energy 
of the electrons is decreased from 7 volts to 2 volts Is probably due to the 
rapid decrease in the effective area of the slits of the receiving system as the 
velocity of the electrons is reduced. It is notoriously more difficixlt to make 
slow electrons pass through slits than fast ones. 

In conclusion, I should like to thank Professor H. S. Allen who, in spite 
of difficulties caused by a recent fire, has provided every facility for the 
carrying out of this work. 


* Erode, ‘ Froc. Roy. Soc.,’ A, vol. 126, p. 184 (1929). 
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Summary. 

The author'^ earlier work on the angular distribution of elastically scattered 
electrons in mercury vapour has been extended to larger angles and to lower 
oku^tron energies. Kesults are given over an angular range of 20° to 175° for 
seventeen different values of the energy of the primary electron beam between 
2 volts and 2(X) volts. 

The results obtained above the ionization potential show several diffraction 
maxima and minima. The scattering curves for electrons having energies 
between the ionization potential and about 60 volts rise steeply at angles near 
showing that there is considerable backward scattering for electrons of 
these energies. Investigations are at present in progress with other gases 
and vapours. 


The Relation between Mean Atomic Volume and Cmnjiosition in 

Silver-Zinc Alloys. 

By Professor E. A, Owen, M.A., D.Sc., and Llewelyn Pickup, M.Sc.(London), 
Ph.D. (Wales), University College of North Wales, Bangor. 

(Communicated by Sir William Bragg, O.M., F.R.S, — Received November 17, 

1932.) 

[Flatk 2. 1 

The silver-zinc system is similar in many respects to the copper-zinc system. 
The latter has already been investigated in detail by X-ray precision methods, 
and it is desirable that similar data should be obtained concerning the silver- 
zinc system, so that a closer comparison, than has hitherto been possible, may 
be made between the two systems. In the present paper an account is given 
of a detailed study of the relation between the mean atomic volume and the 
composition of alloys in this system. Although the X-ray teclmique was in 
general the same as that employed in our previous investigations,* an interest- 
ing experimental difficulty in connection with the preparation of the alloys 
was encountered at the outset of the work. When the alloys wore prepared 
in the usual way by melting the one component in the other, it was impossible 
to obtain refle(^tion lines on the photographic film, however carefully the alloys 

* ‘ Proc. Roy. Soc.,’ A, voL 137. p, 397 (1932) ; vol. 139, p, 626 (1933). 
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were annealed. To overcome the difficulty, it was found necessary to prepare 
the alloys by the process of inter-diffusion, a method hitherto but little used 
for the preparation of alloys for X-ray analysis. By this method we were 
able to investigate alloys in the silver-zinc system over the whole composition 
range. It is probable that the method may be of service in other connections 
and that the results recorded here may assist in suggesting its more general 
use. 

1. Preparation of AUoys. 

Five alloys, three in the pure a-region and two in the (a + fi) region were 
prepared by adding a basis alloy (containing about 50 per cent, silver) to molten 
silver. Filings off these as cast ’’ ingots were annealed at 300° C/ and 
600° C. Only the alloy (;ontaining about 94 j>er cent, silver gave reflection 
lines, which showed practically identical parameter values, 4*039^ A. at 
300° C., and 4-039g A. at 600° C. ; as compared with 4*0778 A. obtained for 
pmti silver. The absence of reflection lines with the other four alloys was 
thought at first to be due possibly to non-homogeneity caused by insufficient 
annealing. The ingots were thereforcj annealed in lump form (about 1 c.c.) 
at 500°-660° C. for about 500 hours. Filings taken off two of these alloys 
(94 and 86 per (Mmt. silver) were further annealed in mouo at 600° C. for 
IJ hours. Again no reflection lines were registered by the latter alloy. The 
absence of reflection lines after this annealing treatment could only be explained 
by the presence of lattice distortion, which was not eliminated by the annealing 
given. These observations inclined us to the view that there exists a certain 
type of distortion which is very difficult to remove by simple annealing, and 
which Is different from that produced by cold work, such as filing. Westgren 
and Phragmen* moke the following statement concerning the silver-zinc; and 
the gold-zinc alloys : it was coasidered useless to take precision photograms 
of the a Ag-Zn and a Au-Zn alloys, as their interferem;es were found to be 
very cloudy. The real cause of this diffuseness of the lines still remaias to be 
unravelled.** We have not seen any attempt to explain this difficulty in 
subsequent papers. 

The introduction of zinc atoms into the copper lattice increases the para- 
meter, while their introduction into the silver lattice decreases the parameter, 
as shown by the data from Debye-Scherrer powder photographs. The thermal 
contraction of the lattice over a long range of temperature when cooling from 
the molten state, intensified by the contraction due to the entry of zinc into the 


• ‘ Phil. Mag.,* vol. 50, p. 320 (1926). 
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silver lattice, was considered os a possible came of the distortion whi(;h is not 
removable by simple annealing. To test this, attempts were made to diffuse 
the zinc into silver at a temperature much below the latter’s melting point 
(oa. 963*^ 0.). After some preliminary experiments it was found that by heat- 
ing a mixture of filings of silver and of sine (26 per cent, zinc) at 430'^-A4f)° C. 
for 20 hours in evacuated glass tubes, distinct changes in the appearance of 
the mixture were noted. The mass “ coked ” slightly, but was easily broken 
up. After being thoroughly (^rushed and mixed in an agate mortar, it was 
re-annealed at 300''-320^ C. for 46 hours. Precision photographs showed a 
resolved doublet, which gave a parameter value of 4*012 A., compared with 
4*0773 A. for pure silver. Direct proof was therefore obtained of the diffiision 
of zinc into silver at a comparatively low temperature. A mixture of copper 
and zinc filings was similarly prepared and treated, when their inter-diffusion 
also was observed. From such experiments two conclusions were possible : — 

(1) The diffusion of zinc into silver and into copper takes place, at least in 
reasonable time, when the temperature of diffuision is above that of the 
melting point of zinc, but much below the melting point of silver or of 
copper. 

(2) In the diffusing process, the phases are produced in order from the zinc- 

rich end. Therefore shells of highly (concentrated zinc alloys are at 
first produced locally around nuclei of copper, but although these 
shells become solid, an even distribution of zinc throughout the whole 
mass takes place by solid interdiffusion after sufficient time. The 
final phase or phases produced depend on the composition of the initial 
mixture. 

For the present purposes, it was nec(^sary to determine the treatment for 
complete interdiffusion in the samples. At this stage, the relation between 
the composition and parameter value of the silver-zinc alloys was unknown, 
so that “ pilot ” mixtures of copper-zinc filings were treated, since the para- 
meter values of these latter alloys and their corresponding composition were 
available.* It was assumed, and afterwards confirmed, that the copper- 
zinc pilot mixtures were satisfactory criteria of complete interdiffusion. Table I 
gives a set of results obtained by heating a 70 per cent, copper-zinc mixture at 
460°-470° C. for different times. The composition given in the last column 
is derived from the parameter value by means of the known relation between 
the ot-phase composition and its parameter value. 

♦ Owen and Pickup, ‘ Preni. Roy. Soc.,* A, voJ. 137, p. 397 (1932). 
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Teinj»eratiUT. l 

Time of 
diffusion 
hours. 

Panimeter. 

i 

Composition 
per cent , 
copper. 


1 

" I 


A. 


CompoHition of mixture by 

450-47(» 

18 

3-692, 

<i2 • I 

ohetnieal aimlyaia, SO-5 per 

450-470 

:Ui 

3-678, 

68*6 

cent. Cu. ! 

450-470 

42 

3-676, 

69 ’ 4 


About 42 hours’ heating at 460°“47()^ C. was therefore considered sufficient 
to produce almost complete diffusion in a 70 per cent, mixture ; about 20 
hours at this temperature were found to be sufficient for a 30 per cent, 
mixt^ure. Fxirther, it was not found necassary to anneal the mixtures at a 
low temperature after breaking them up, after diffusion, to remove any cold 
work, provided the breaking up was carried out gently. 

A range of sUver*zinc mixtures was next prepared from 100 down to about 
30 per cent, silver, and those were heated to effect complete diffusion at alxmt 
470*^ C. for times var 3 dng from 60 to 20 hours, according to the data obtained 
from the pilot mixtures of copper-zincj filings. Good reflection lines wore 
registered by these mixtures, which were now silver-zinc alloys, so that the 
large contraction of the silver lattice, due to both the thermal and the solubility 
effects, is most probably the cause of the lattice distortion observed in these 
alloys when prepared by the usual melting process. With a 50 per cent, 
silver alloy, both the ‘‘ diffusion ” alloy and the melted ” alloy gave identical 
Y-phase parameter values. It was therefore possible to prepare by diffusion 
alloys of a predetermined composition with accuracy. Below about 20 per 
cent, silver, the presence of so much zinc caused the diffused mass to become 
too hard to break up, so that the alloys below this composition were made by 
the ordinary melting method and no difficulty was encountered in obtaining 
satififact^^ry reflection lines with those alloys. A more complete investigation 
of the interdiffusion of metals, on the lines indicated here, has been made,* 
and an account of this is now being prepared for publication. 

IL The Ddermination of Mean Atomic Volumes. 

It was decided to study the relation of mean atomic volume to composition 
at 380® 0,, since at this temperature no semi-liquid regions are encountered 


* ‘ Natuie,* vol. 130, p. 201 (1932). 
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across the whole system. All alloys were therefore broken up gently after 
diffusion, annealed at 380° C. in evacuated glass tubes, and air-cooled. 

For brevity, alloys are referred to by their silver content in per cent, by 
weight, for example, alloy (66). For reference purposes, a reproduction of the 
Ag"Zn thermal diagram from the International Critical Tables ” is given in 
fig. 1. 



In Table II the experimental results obtained for the a-phase are given for 
different compositions. Fig. 2, Plate 2, is a reproduction of the photographs 
obtained. 

Table II. — a-phase. 

Face-centred cubic. Mean atomic volume = a®/4. Annealing temperature, 

380° C. 


Per cent, silvor. 

Para- 

meter. 

! Mean 
atomic 
volume 

X 10»*. 

Per cent, silver. 

Para- 

meter. 

Mean 

atomic 

volume 

X low. 

weight. 

1 Atomic. 

By 

weight. 

^ Atomic. I 

1 


1 

A. 1 

cm.* 



A. 

cm.* 

100 

100 

4 -0773 

16*946 

75 

64-5 

4-012, 

16- 147 


92- 1 

4 062, 

16-758 

70 

68-« 

4-003, 1 

le047 

85 

77-5 

4 035, 

16-431 

66 

54-1 

4 -003a 

16 040 


CJu radiation-reSacting (422) and (^511). 


The a-phase lines in alloy (66) were very faint, owing to the nearness of the 
pure p-region. Whereas both this and alloy (70) are in the (a P) region, 
and should therefore contain a considerable amount of the ^-phase, no 
^•phase reflection lines were shown. 

A further series of alloys were then prepared by diffusion having the com- 
positions 64, 62, 60, 58, 55, and 52 per cent, silver by weight. All these were 
annealed at 880° C. The first of these gave reflection lines too famt for 
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measuremeat. The absence of goo<l reflection lines from the 
attributed to the change of p into (a + y) about 264° C., see fig. 1, and to 
the possibility that the cooling down from 380° C. was not drastic enough to 
retain the (a + P) structure. Alloy (60) was heated to 500° C. for 1 hour in 
an evacixated silica tube and quenched in iced-water. Again no reflection 
lines were obtained suitable for measurement. That the absence of lines was 
owing to the change of p into (a + y), and not to the diffusion method itself, 
was shown by alloy (52), in the pure y-rogion which gave satisfactory reflection 
lines. It was therefore concluded that to obtain the necessary precision 
photographs of the p-phase at 380° C., the sample must be maintained at this 
temperature during the actual exposure. For Debye-Scherrer powder photo- 
graphs, quenched samples probably do contain sufficient p-phase to give 
reflection linas of small glancing angles, but the accuracy of parameter measure- 
ments from such samples is too low for the present requirements. For these 
reasoias, the p-phase could not be studied satisfactorily at this stage, and the 
work was resumed on the other phases. 

Six alloys in the y-region were made by diffusion, with silver contents of 65, 
62, 49, 46 and 42 per cent, by weight. This phase has a body-centred cubic 
lattice containing 62 atoms to the unit cell. The experimental data from 
these six alloys are contained in Table III. 


Table III. — Body-centred cubic. Mean atomic volume = a®/52. 
Annealing temperature, 380° C. 


Per cont. silver. 

Para- | 
meU'r, ' 

Mean 

atomic 

volume. 

X 1(P*. 

Per cent, silver. 

Para- 

meter. 

Mean 

atomic 

volume 

X 10**, 

By 

wtight. 

Atomic, j 

% 

weight. 

Atomic. 



A, 

cm.* 

1 


A. 

om.* 

65 

42*6 

9 *3481 

16*710 

49 

36*7 

9*318o 

16*658 

62 

30*7 

9*333o 

15*643 

46 

- 34-1 

9*3167 

16*662 

60 

37*6 

9*3223 

16 *680 

42 

30 5 

* — 

— 


Cu radiation-reflecting planes, (965), (11*32) and (11*50). 


The refleotions registered by alloy (65) were very faint and only those from 
the (11 -60) planes were found to be measurable. This was considered to be 
caused by the presence of the p-phaso. The accuracy of the parameter value 
was therefore in some doubt, especially as the value obtained did not conform 
to that expected from the (P + y) “ (y) boundary of the thermal diagram, 
fig. 1. Further difiusion alloys were therefore made containing 66 and 63 *4 
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per cent, silver by weight, so as to obtain, if possible, better reflection lines, 
and hen(^e a more accurate parameter value. Of thase two alloys, the former 
gave no measurable reflection lines, while those of the latter were very faint 
and could not be measured with great accuracy. They gave, however, a mean 
parameter value of 9'346gA. (meam atomic volume, 15*697 X 10'^ cm®), 
which being slightly greater than that of alloy (55), shows that both these 
alloys are in the pure y*region. Consequently the (^ + y) — (y) boimdary 
in fig. 1 requires some modification. The alloy (42) gave no y-phase reflections 
but a strong doublet from the S-phase. 

To study the S-phase, six alloys were made by diffusion, containing 40, 30, 
20, 17, 16 and 12 per cent, silver by weight. Of these, the last three could not 
be used as they were too hard to break up after diffusion owing to their high 
zinc content. Alloys representing these compositions were therefore made by 
the usual melting method, using a 60 per cent, basis alloy and adding zinc. 
It was also found better to prepare the alloys containing 40 and 30 per cent, 
silver, by diffusing the mixtures at a lower temperature, about 440° C., for 
similar reasons. 

The 3-phase registered, in general, three doublets, but these were towards 
the outside of the film, and in a poor position for accurate measurement. 
Taking approximate values* for the base side a and the axial ratio c of the 
close-packed hexagonal lattice of this phase, these doublets were foimd to be 
frpm the (2133), (3050) and (2024) planes. In order to register, if possible, 
reflections in more favourable positions on the film, a cobalt anticathode was 
tried. While its use did not produce the desired result, reflection lines feom 
other planes were registered, fig. 3, Plate 2. By combining the data from 
both antioathodes (Cu and Co) for each alloy, accurate values for a and c were 
obtained. These data are collected in Table IV for comparison. 

Considering that the positioxis of the reflection lines were not in the positions 
for the highest accuracy possible, the agreement was considered satisfactory, 
and the values of the mean atomic volume obtained from the means of a and 
c in each case, are probably very near the true values. 

To calculate these hexagonal parameter values the usual formula 

+ + 

0 »= X (1) 

was used. The values of a and o were derived in the following nutnner : — 

* See Elam. ‘ J. Inst. Met.,’ vol. 41, p. 329 (1929). 
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(i) With copper radiation, the (3050) planes were uHod to obtain a value for 
a directly, and thiB value was substituted in the formula to calculate 
c from the (2X53) plan es ; 

(ii) With cobalt radiation, the (2l5o) planes wore used to obtain a value for 
a directly, and tliis value was substituted in the formula to calculate c 
from the (2151) planes. 


Table IV. — 3-j)hase. Close-packed hexagonal. Mean atomic volume ^ 
\/3 . a®c/4. Annealing temperature, 380° C. 


Per cent . silver. 

Jhiditttioi) 

used. 

Ptiiaineter. 

Mean Atomic 
volume 

< 10«. 

By weight. 

Atomic. 

a In A. 







cm.* 

4ft 

34 • i 

(hi 


1-587 

15*403 



Ci} 

2*819.^ 

1'588 


42 

30 -fi 

ihi 

2-819„ 

1 *582 

15*348 



Co 

2*8185 

1-583 


40 

28*8 

Oti j 


1*579 

15*312 



Co 

2*818j 

1*578 


30 

20 -ft 

Cu 

2-810, 

1*504 

15*112 



Co 

2-815, 

1*501 


20 

13*2 

(hi 


1 -5.50 

14-948 



( ’o 

2*8115 

l-.'Hit 



To obtain data of the phases in alloys below 20 per cent, silver, it was 
necessary to prepare these alloys by the usual melting process as already 
mentioned. The three alloys made, gave by chemical analysis* the com- 
positions 16-6, 9*7, and 5*2 per cent, silver by weight. Although copper 
radiation gave reflection lines of the S-phase from the first two alloys, nickel 
radiation was used to investigate these alloys, since it had previously been 
found to give good reflection lines from pure z\m in favourable positions on 
the film. It was found satisfactory for reflections from the 8-, e- and Y]-phases, 
which are present at these compositions. 

It will be seen in fig. 1 that the c-phase changes into (8 + on (jooling 
through C., so that there were {S + ri) and (yj) regions below, and (S A e) 

* Our thanks are duo to Dr, P. J. Durrant for a private communioation giving the 
working details of a “ Tartraxine Indicator ” method (Berry and Durrant, * The Analyst/ 
vol. 56, p. 613 (1930) ), which was modified slightly for our particular purposes. 
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and (c) above, this temperature. The parameter values of the 8- and c-phaseB 
found when the alloys were annealed at 380° C. are given in Table V. 

Table and e-phasas. Closij-packed hexagonal. Mean atomic volume ~ 


\/3 a^cji. Annealing temperature, 380° C. 


Per cent, silver. 


S*pliai»o. 


1 

1 

r-phaHc. 


liy 

woijijht. 

1 

Atomic. 

1 

1 

i 

! c. 

! 

Mean ! 
atomic 
volume, i 

a. 

j 

1 

r. 

Moan 

atomic 

volume. 

irv 6 

102 

2*804, 

1 

1*566 

:< 10 ** cm.® 
14*969 



XlO“cm.» 

9-7 1 

6*3 

2*805* 

1*664 

14*969 

2*699* 

1*706 

15*039 

5*7 

3*2 

— 




2 *6885 

1*791 

16*067 

P»ire 

Biine 




2* 659a 

1*866 

15*111 


Ni radiation, ^i-phaae, (1124), (21^2) doublots, (2133) /3. 

€-pha«e, (215I). (2024) doublets, (2l33) /3. 


Since none of the reflecting planes were of the form (hkiO) a value for a 
could not be calculated directly. By substituting in turn a set of values of 
h, k, I and 6 for each of two reflection lines from the same photograph in 
equation (1) and equating the right-hand side, a value for c was obtained. In 
this way each pair of reflections gave a value for c ; whence a mean value for 
c was found to give the most consistent values for a from all the reflection 
lines registered by one phase on the same photograph. The consistency of a 
attainable with a suitably chosen value of c for each of the 8- and e-phasea is 
shown in Table VI for one alloy. 

The 7)-phaae being present only below 300° C., was obtained by heating 
filings from these last three alloys first to 380°“400° C. for 3 hours and, after 
allowing them to cool down slowly to about 276° C., the heating was maintained 
at this lower temperature for 48 hours. After a series of precision photographs 
had been taken, these samples were again heated at 275° C. for a further 24 
hours, and rephotographed. No further change had taken place after the 
second 24 hours’ annealing, while the distribution of lines was different from 
that given by these alloys after annealing at 380° C, It was therefore assumed 
that annealing at 276° C. had produced the 8- and yj-phases stable at this 
temperature. 

The method of analysis of these photographs was the same as that described 
for the photographs representing the 380° C. treatment. The results are 
contained in Table VII, 
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Tftfal« VI.— 'iLg'&i fllloy, 9*7 pes ce&t. Bilvitt 'wta{^t. Sample amoealed at 
380** 0. for 5 boon. Niekd radiation. 


ff /2 — $ 

Bmgg 

glMkoing 

tttigla). 

Phase. 

i 

Hefleotion 

planes. 

A. 

Base side a in A. 

Aphase 

c--l*564o. 

c-phaee 
c« 1*766,. 

n / 

17 47 

17 24 

€ 

213i 

“X 

Qj 


2-609, 

2*(m, 

16 47 

16 21 

3 

1124 

ttt 

2-605, 

2-806, 


16 43 

6 

2133 

j9 

2-806, 

[ 

14 13 

< 

2133 

/» 


2-699, 

12 25 

11 01 

^ 1 

j 

2182 

a* 

2-805, 

2-806, 


7 26 

6 30 

f 

2024 

«x 


2-699, 

2*699, 


Mean Values. 



1 6*'phase. 

tf* phase. 

a 

2*806, A* 

2*699, A* 

c 

1*664 

1*766 

Alonxio volume 

14*969 X 10-^ cm.« 

16*039 X 10“»om.* 



TaUe Vn.— 8- and ij-phases. Qose-paoked hex^nal. Mean 'atomio volnme 
ai a*cli. Annealing tenqieratuze, 275” 0. 


Per oent. silver. 

3-phase. 

T^-phase. 

By 

vatght. 

Atomic* 

a. 

c. 

Mean 

atomic 

volume. 

a. 

e. 

Mean 

atomic 

volume. 

W<« 

«*7 

,. 7 , 

' ;■ Part 

10*3 

6*3 

3*3 

altio 

1 

2*806, 

2-8084 

1>500 

1061 

XlO**cm.* 

14-973 

14*977 

,, - ■, j 

2«tei 

2fl8S. 

2«S0, 

1*798 

1*796 

1-866 

15*076 
16*008 
IS* 111 
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'nie data wMoh have been given in the pxeoeding tables ate plotted in 
fig. 4. The mean atomic volume of both phases in all the mixed legioas are 
shown to be constant. In the pure phase r^ons, ot, y and S, it becomes less 
as the zino contwt moreases. Only in the r-phase (stable above 300° C.) 
does the mean atomic volume show all increase with increasing zino content. 



From fig. 4 the phase boundaries at 380° 0. can be obtained approximately 
and their values are given in Table VIIl, together with readings tak«i from 
the thermal diagram in fig. 1. 


Table VIII.— Approximate phase boundaries at 380° C. 


Boundary. 

P«r cent, eilver. 

Boivding 
(par cent, by 
weight) I.C.X. 
diagram, fig. 1. 

By weight. 

Atomic. 


71-2 

00 0 

78*6 

(y) - (y + «) 

40*1 

80*0 

400 


44-7 

32*0 

40*0 

(5)-(8-f €) 

20*4 

18*4 

17*4 

(8 + .) - (*) 

8*8 

6*6 

7*2 


Although the boundary readings given by the X-ray data are only taken to 
be approximate, it is considered that these values are probaUy as near the 
true values as those read off from fig. 1. 

For each of the three pure phases, «, y eiid 3, the rate of decrease of atomic 
volume with atomio composition is practically the same, suggesting the same 
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form of packing. Assuming the linear relation shown, the decrease in the 
mean atomic volume when a zinc atom replaces a silver atom is almost 
identical with the increase when a zinc atom replaces a copper atom in the 
a-, P- and y-phases of the copper zinc alloy system. See Table IX. 

Table IX. 


SUver-Ziuc Alloys. Copper-Zinc Alloys. 


Phane, 

Decrease in mean atemic 
volume when a zinc atom 
roplaoes a silver atom. 

Phase. 

*Inorease in mean atomio 
volume when a zinc atom 
replaces a copper atom. 

1 

1 

0-022 X 

a 

1 

0-022 X 10“2^cm.* 

y 

0 02 

P 

0 025 


0-024 

1 

0-022 


* »See Owen and Pickup, * Proc. Roy. Soc.,* A, vol. 140, p. 179 (1933). 


If the paddng of the zinc atom in all these phases is the same, then appiozi- 
mately the mean space occupied by the silver atom is as much greater than 
that occupied by the zinc atom, as the space occupied by the copper atom is 
less. 

Taking the mean atomic volumes of copper and silver to be 11 *741 and 
16*946 X 10”** cm.® respectively, then the mean of these two values, namely, 
14*344 X 10~*® cm.®, is roughly the space occupied by the zinc atom in all 
these phases. As the mean atomic volume found from pure zinc is 16*111 x 
10~®® cm.*, the zinc atom appears to occupy less space by about 6 per cent, 
when alloyed in these phases than it does in the pure metal. 

The constant mean atomic volume of the 3-phase is slightly greater at 275” C. 
in the (3 + n) r^ion than it is at 380” C. in the (3 -}- 1 ) region. This is con- 
sistent with the general form of the bonndaty between the pure S-region and 
these two mixed regions, as shown in fig. 1. From the data in fig. 4 it is found 
that the (3) —■ (3 -f- c) boundary at 380” C. is at 20*4 and that the (3) — (3 -f- y)) 
boundary at 275” 0. is at 22*6 per cent, by weight. 

In Table X the changes in the base side a and in the height oc with com- 
position, are shown for the hexagonal lattices of the S-, s- and Yj-phases. 

The change in the dimensions of the elementary cell in the 3-phase at 380” C. 
is mostiiy due to the change which takes place in the heij^t ; also the height of 
the e-^hase cell changes more than the base side at this temperature. At 
976” 0. the change in the dimensions of the Yj-jdiase oell is due ohiefly to the 
dhange in height, though this is not as marked as in the 3-pha8e at 380” C. 


2 A 2 
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Table X. 


I’oznpora- 

lurc. 

Pha.sc. 

Per cent, silver. 

Base 

a. 

(A.) 

Axial 

ratio 

c. 

Height 

etc., 

(A.) 

By weijLfht. 

Atgiaio. 



■ 



34- 1 

■m 


4-477 






30f) 









28-8 









20-0 

2-8ie, 

1-563 

4-402 






13-2 

2-811, 

1-663 

4-367 

380 




1S« 

10-2 

2-804, 

1-666 

4-392 





9-7 

8-3 

2-805g 

1-664 

4-388 






#1*3 

2-699, 

1-765 

4-766 






3*2 

2-688, 

1-791 

4-816 






0*0 

2-659^ 

1-866 

4*935 


r 

® J 


15B 

U)-2 

2- 808ft 

1-660 

4-382 



i 

L 

9-7 

6*3 

2-8084 

1-661 

4-381 

275 













9-7 

6-3 

2-686, 

1-798 

4-828 





5-2 

3*2 

2-666t 

1-796 

4-821 


- 

1 

- 

0*0 

0 0 

2-66», 

1-856 

4-8.%'5 


In Table XI a comparison is made of the change in the dimensions of the 
hexagonal lattices present in the copper-zinc and silver-zinc alloy systems. 


Table XI. 


System. 

Phase.* 

Change in height, with inoreaaing base aide. 

1 

Cu-Zn j 

1 

< 

Increasoe in (< •+ ij), decreasea in (y + t). 

Ag-Zn ! 


InorooHea in (8 4 * y)» decreases in (8 4 " <)* 

Ou-Zn 1 

V 

Dboreasee in the pure -f^-region. 

Ag-Zn 

< 

Decreases in the pure ff-region. 

Cu-Zn ! 

€ 

Tnoreases in the pure c-region. 

Ag-Zn I 

$ 

Increases in the pure 8-region. 


* This is the nomenclature adopted in the International Critical Tablee. 


The packing of atoms in the hexagonal units appears to be different in the 
different phase units of one alloy system ; and there appears to be analogous 
packing in the other alloy system. In comparing the observations, the " size ” 
of the zinc atom is taken to be less than that of the silver and greater than 
that of copper. From these observations it would appear that a more 
detailed X-ray investigation on the present lines would help considerably 
the study of the different forms of packing, and also the oiientation of the 
" polar ” zinc atom in these hexagonal lattice units. 
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Concimiom. 

When samples of alloys are required in a powder form, these can, for certain 
alloy systems, be prepared accurately by ihe interdiftusion of the two metals 
by heating mixtures of them, at a comparatively low temperature. The 
interdiffusion of copper and zinc, and silver and zinc, can be brought about by 
heating mixtures to 450'’“470'^ C. for about 60 hours in mm/o. This tempera- 
ture is just above the melting point of zinc. 

Since the zinc atom (x;cupies leas apace than the silver atom, the contraction 
of the silver lattice produced by the solution of zinc in it, causes lattice dis- 
tortion, in addition to the thermal contraction on cooling. This distortion is 
such that the usual annealing is not sufficient to remove it from the planes 
having small spacing, which give the reflection lines in the precision camera. 
It is concluded therefore that this distortion is somewhat different from that 
produced by cold work, such as filing, as this can be eliminated by simple 
annealing. 

The change from p to (a -f y) at 264^^ C., or the distortion brought about by 
it, could not Im sufficiently prevented by rapid quenching from above this 
temperature, to enable reflection lines to be registered by the [i-phase. 

The mean atomic volume of the pure phases, a, y and S, becomes less with 
increasing zinc content, indicating a closer packing than that calculated by 
simple substitution. The effective packing space of the zinc atom is therefore 
less when alloyed with silver (a-, y- and 8-phases) and with copper (a-, p- and 
y-phases) than that in the pure state. 

Only in the e-phase (stable above 300^ C.) was the mean atomic volume 
found to increase with increasing zinc content. 

As in the copper-zinc system, the mean atomic volume at a constant tempera- 
turti changes with composition in the pure regions whilst that of both phases 
in the mixed regions remains constant. These results form the basis of the 
determination of the positions of phase boundaries by the X-ray precision 
method. At 380"^ C. the boundaries in fig. 1 are rougldy confirmed by the data 
in fig. 4, while the form of the pure S-boundary adjoining the (8 4- >)) region 
at 275° C. and the (8 + t) xegion at 380° C. Is corroborated by the X-ray 
data. 

The analogy between the silver-zinc and copper-zinc vsystems is perhaps 
best broiight out by the comparison of the changes in the dimensions of the 
hexagonal lattice units of these two systems. Further investigation on these 
units would probably yield more specific data about the way in which zinc 
atoms pack with reference to their orientation. 
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We again express our thanks to the Royal Society for a grant which enabled 
UK to carry out this work. 

Summary. 

(1) A Htudy has been made of the mean atomic vohimes of the different 
phases in the silver-zinc alloy system by means of the X^ray precision camera, 
for a temporatiire of 380'' C. 

(2) To make alloys in the a-phase region it was necessary to make diffusing 
mixtures of silver and zinc particles at about 450'' C. The as cast ” alloys 
in this region gave no reflection lines owing to lattice distortion. As a result 
of the (B-phase transforming into (a -f- y) at 204'^ C., no reflection lines of the 
P-phase could be obtained by quenching alloys from above this temperature. 

(3) The mean atomic volume in pure phases, at a constant temperature, 
<'hanges almost linearly with (composition, becoming less in the a-, y- and 
r}-regions with increasing zinc content. In the mixed regions, it remains constants 
for both phases. 

(4) Phase boundaries have been detemiined approximately ; they are in 
general agreement with those at present accepted for the silver zinc system 
at 380° C. 

(6) From a preliminary study of the hexagonal lattice units (8, c and t)) 
and a comparison of these with the hexagonal lattices of the Cu-Zn system, 
the analogy between the two systems is shown. 
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The Electrical Properties of Soil for AUertwUing Currents at Radio 

Frequencies. 

By R. L. Smith Rose, D.St-., Ph.D., A.M.l.E.E. (The National Physical 

Laboratory). 

(Comnumicated by E. V, Appleton, F.K.S.- -Received November 22, 1932.) 

1 . Imfortunce of Knowhige of Eleetrical Properties of Soil in Physics 
and Electrical Empneerimf. 

A knowledge of the electrical properti<%s of the ground is of importance in 
connection witJi several t>ranche.s of physics and engineering. A (jomplete 
study of soil physicjs, for example, should take account; of the electrical, as 
well as of the other physical properties. In geodetic survey work, particularly 
when prospecting for oil and minerals, increasing use has been made during 
recent years of electrical methods, which depend for their success upon a 
detailed knowledge of the electrical conductivity of the materials of the earth. 
For the protection of electrical generating plant and distribution networks, 
it is necessary to provide adequate earth connections at specific points and to 
ensure that these connections are made in such a manner that their electrical 
resistance is very small. Similar considerations apply to radio transmitting 
and receiving stations using earthed aerial arrangements, where it is desirable 
to make the resistance of the earth connections as low as possible. 

Apart from these matters, an accurate and detailed knowledge of the 
electrical properties of the earth’s surface has become necessary in connection 
with the recent growth of radio communication. Until a few years ago, the 
main object was to obtain communication over comparatively great distances 
and on long wave-lengths, when the effect of the earth was not of major 
importance, but the progress during the past ten years has been such that the 
effect of the earth is now more obvious. In the majority of broadcasting 
systems, for example, the service area is generally that covered by radiation 
traosmitted directly along the ground, and the decrease of field intensity with 
distance is controlled by the electrical properties of the earth. Furthermore, 
with the widespread use of short wave-lengths for communication, the design 
of both transmitting and receiving antenna systems is seriously affected by 
the electrical properties of the ground above which they ore erected. 
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2. Theordieal ReMimis betf^een Dielectric Constant and OonduoUvUy, 


The classical electTomagnetie equations express the mode of propagation 
of electrical energy through a non-conducting medium having assigned values 
of dielectric constant and permeability, the velocity of propagation being 
calculable in terms of those quantities. If the medium has a finite con- 
ductivity, the modifications required in these equations will be made clear by 
the following simple considerations : — 

Consider a centimetre cube of the medium through which the wave is passing, 
and let X be the intensity of the uniform linear electric field parallel to one 

K dX • 

face of the cube ; then the displaeeniant current is - — r- and the conduction 

' 47t dl 

current, Xa, where a and « are the conductivity and dielectric constant of 
the material respectively. 

The total current i flowing in the direction of the electric force is thas : 


JL^ 

in dt 




For a pure sine wave alternating current of frequency <t>/2rc, we have 


where 

Therefore 


dt 


=jo)X, 


j — V^i. 

vin o>/ d/ 


where 



.2a\dX 

^ / ) dt 


!L^ 

in dl ’ 



For a perfect dielectric, t.e., a = 0 


iw dt 


It is thus apparent that the electromagnetic equations applicable to a pure 
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<iielectric will hold for a conductor if the quantity k w used throughout in place 
of the dielectric constant tc, where 


It may be noted that in the extreme (‘.ase in which 2a//cf is very small compared 

2<j - 

with unity, the conductivity has a negligible effect. Similarly, when — 1, 

'v 

the effect of the dielectrit* (constant is unimportant. 

It will be evident from such considerations that in order to ascertain the 
effect of a material, such as soil, for alternating (‘urrents flowing therein, 
whether applied direct or whether resulting from the passage of electric waves 
through or over it, it will be necessary to have a knowledge of the two quantities 
K and n at the frequency of the currents in question. 

Note on Units , — In tlui publications of previous writers, there is some 
divergence of opinion as to whether the conductivity is more conveniently 
expressed in electrostatic or electromagnetic units, or as the reciprocal of a 
resistivity in ohm-cm. (i.e. ohms per centimetre cube). In the author s opinion 
the procedure to adopt is that of expressing a in electrostatic units, when the 
quantity may be substituted directly into any equations, such as those given 
above, involving k or k which arc almost invariably expressed in electro- 
static units. If electromagnetic units are employed for c, it is necessary to 
use a conversion factor for the ratio of the units (c®) which introducas an un- 
necessary quantity into all the formulae involved. In order to facilitate the 
conversion of the quantities in the mind of the reader, the following relations 
are given, taking the velocity of light, c = 3 X 10^ cm. per second 

^ ^ 9 , 10 ®^ 

i X 9.10“ 

P 

where “ p is the resistivity in ohms per centimetre cube. 


3, The Mmsurement of Soil Constants by a Laboratory Method. 

A review of previous work on this subject shows that in certain rather 
Scattered frequency ranges and for various localities, measurements of the 
electrical properties of the soil have been made, chiefly by field methods depend- 
ing upon wave propagation phenomena, and in a few cases only, by laboratory 
methods. It was considered desirable to obtain more complete and detailed 
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information on this subject in a systematic manner under controlled conditions. 
This investigation was projnj)ted by the availability of a method of measuring 
resistan(‘e and reactance at radio frequencies which has been described in a 
previous paper by Colebrook and Wilinotte.* 

The principle of this method depends for its application upon the change 
in reactance of a valve-maintained oscillating circuit when it is coupled to 
another or measuring circuit, wliich contains the component under investiga- 
tion. This latt er circuit comprises an indiutt ance coil and one or more variable 
(jondensers of good quality suitable for precision measurements. The coil of 
the valve oscillator is <’oupled to that of the measuring circuit, and as the 
condenser of the latter is adjusted the reactance of the oscillating circuit, 
and HO the frequt^ncy generat<*d, is varied in a characteristic manner. When 
the measuring circuit is exactly in time with the oscillator the change in re- 
attance is zero, and the condenser reading thus gives the value of (capacity 
(Cq) required to tune the coil to the working frequency; on either side of this 
setting the reactance change passes througli a maximum, the two changes 
being of opposite sign. 

If the condenser readings (capacities and Cj) of the measuring circuit are 
noted for the two conditions of maximum reactance change, the resistance of 
this circuit is given by the formula 




2w'Ci Cj 


( 1 ) 


where o> 27 : X frequency. 

Having thus obtained the value of the resistance of the measuring circuit 
alone, the component to measured is connected either in series or parallel 
with the measuring circuit. The new values of the three critical condenser 
readings and Oj' are then determined in the manner just described. 

It is then clear that the equivalent capacity of the component introduced in 
the measuring circuit is given by the difierence Cq' — Cq, while the resistance 
of the circuit has been increased by an amount Eg — Rj, where 




‘iw'c'i cv 


( 2 ) 


The actual values of the resistance and reactance of the component introduced 
into the measuring circuit can then easily be computed from the usual cmjuit 
formulae. 

From this brief discussion it will be clear that the measurements of resistance 


* ' J. liut. Elect. Eng. Lend.,' vol. 69, p. 497 (1931). 
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and reactance involve a knowledge of the frequency in use and of the capacity 
introduced into the measuring circuit. With high-class variable condensera 
in this circuit the method is capable of a fairly high degree of accuracy at radio 
frequencies. For further details of the operation of the method reference may 
be made to the original paper by Colebrook and Wilmotte {loo, oiL), 

In order to apply this method to the study of the electrical properties of 
soils, the material imder test is placed in a suitable container, made in the 
form of a fixed condenser. If is the capacity of this condenser in air, 
while C, and R, are the capacity and shunt resistance of the condenser when 
it is filled with soil, then tlie apparexit dielectric constant or permittivity “ k '' 
of the soil is given by 



while the conductivity “o” or resistivity ‘‘ p” can be foimd from the relation- 
ship 


1 ^ 1 
p 4TtC«R, ’ 


(4) 


For the simple ratio of capacities, equation (3) gives the dielectric constant in 
electrostatic units ; in equation (4) R, will usually be me^isured in ohms, and 
then if Ca is measured in centimetres, p will be given in the? unit ohms per 
centimetre cube, or more briefly ohm-cm. To obtain the conductivity a in 

9 X 10^^ 

electrostatic units, the relatioiisip ^ may be employed. 

P 

Preliminary experiments were carried out with containers of various sizes 
and shapes. These experiments served to show the very large order of varia- 
tion with moisture content of the apparent dielectric constant and conductivity 
of the soil, and also to demonstrate the efiect of packing the soil in the con- 
tainer. In the latter connection it was found that as the soil was packed more 
and more tightly the conductivity increased to a maximum which was obtain- 
able with a cylindrical container. Consistent results to an order of 10 per 
cent, or less were finally obtained for tightly rammed soil in cylindrical con- 
tainers of various dimensions, with either flat circular electrodes at the ends or 
with concentric electrodes, the outer of which formed the container. It was 
therefore assumed that this was the desirable condition simulating soil in a 
well rolled field or unploughod meadow. The open cylindrical containers 
were made of ebonite with brass plate electrodes, while the concentric cylinder 
was made of brass, with keramot insulation. There has been no reason to 
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suppoae that th« material of the electrodes has affected the results, but the 
final container employed was made of copper. The capacity of the type of 
container finally used was about 2*36 This capacity was calculated 

from the geometry of the system, and was also measured by using distilled 
water, the dielectric constant of which is accurately known at frequencies up 
to at least 150 megacycles per second.*** The use of water as the dielectric 
in this manner considerably increased the accuracy of the capacity measure- 
ment, by reducing the stray capacity effects of leads, etc. The measurements 
were made throughout with a potential difference of about 0*5 volt across the 
condenser. 

4, liesuliH obtaiffM on Soil at the Natimml PhysicAil Laboratory, 

It was realized at the outset that a systematic study of the electrical pro- 
perties of the earth must take account of the moisture content of the soil under 
examination. Accordingly whenever a sample of soil was taken out for 
electrical measurement, a portion of this soil was placed in an electric oven 
and maintained at a temperature of just over lOO'^ C. for 24 hours to determine 
the loss of weight by evaporation. Furthermore, in order to get a definite 
idea of the fluctuation of the value of moisture content of surface soil from day 
to day, a measurement was made daily over a period of 12 months of the 
moisture content only of a sample of soil taken from one site. In all cases in 
this paper the moisture content is given as the percentage of moisture to dry 
soil by weight. 

The majority of the measurements were made on samples of soil taken from 
a selected site approximately in the centre of a flat, open field, which has been 
uHf^d to a considerable extent for various^ ultra-short wave field experiments.f 
These samples were measured in one or other of the cylindrical containers at 
six frequencies between 100 and 10,000 kilocycles per second. 

(a) Conditdivity at Radio Frequencies . — ^The results of an extended series 
of measurements of the electrical conductivity on samples of soil from the 
selected site (No. I) just referred to, over a range of frequencies from 100 to 
10,000 kilocycles per second are shown in fig. 1. The various curves refer to 
samples having the different moisture contents indicated. The majority of 
moisture contents over about 15 per cent, were obtained on samples of surface 
soil taken direct from the site. The lower values were obtained by partially 

♦ ‘ Int. Crit. Tables; vol. 0, p, 77 (1029). 

t Smith-Rose and MePetrio, ‘ Prot‘. Phys. Soc./ vol. 43, p. 592 (1931) ; vol. 44, p. 500 
(1932). 
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drjHbg oat the soil ia a warm atmosphere, while for the values shown for a 
moisture content of 39 per cent., the soil was artificially moistened with dis- 
tilled water, for the moisture content of surface soil at this site rarely exceeds 
80 per cent, even in times of prolonged heavy rain. 



'Sia, 1. — ^Relation of ocaiductivity to frequouoy and moisture content for soil from Site I 
(N.P.L.). 

Several oharacteristio features may be observed from the curves given in 
fig. 1. In the first place, at a typical frequency of, say, 3,000 ko./s. the con- 
dootivity increases from about 3 X 10^ to about 1*6 x 10" e.8.u. as the 
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moisture content is increased from less than 1 per cent, to about 20 per cent, 
or more. Secondly, at the lower moisture contents the conductivity rises 
appreciably with increasing frequency ; whereas at the higher values of 
moisture content the change of conductivity with frequency is slight, although 
there remaitis a definite tendency for the conductivity to rise at the highest 
frequencies. Further, while at low moisture contents the change in con- 



Fio. 2.““Relation between conductivity and moisture content for soils from Sites I-IV 
(N.P.L.) at a frequency of kilocycles per second. 

ductivity with moisture is fairly rapid, the rate of change decreases con- 
siderably at moisttire contents of about 16 per cent,, and for values between 
16 per cent, and 39 per cent, there is no definite correlation, the conductivity 
values in this region varying somewhat erratically for the different samples 
from about 0*6 X 10® to 2 x 10® e.s.u. The variation of conductivity with 
moisture content at a single frequency of 1,200 kc,/s. for the same soil is shown 
by curve I in fig. 2. This curve illustrates clearly how the conductivity tends 
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to a maximiun value for moisture contents of 20 per cent, and over. As will 
be seen later, it is such moisture contents which norinally prevail throughout 
the year for soil taken from this site at a depth of less than 2 feet. The 
remaining curves shown in fig. 2 refer to soil taken from three other sites near 
the National Physical Laboratory. It will be seen that the maximum value 
of conductivity reached is in the same region, lying between limits of 0*8 and 
1*6 X 10^ e.s.u. This value is, however, attained for lower moisture contents, 
of from 12 per cent, to 19 per cent., which were foimd to be normal values for 
the surface soil taken at random from these sites. A relatively small part 
of the variation in the results obtained on different samples may have been due 
to the effect of temperature, which was not controlled during the measurements. 
In view of the large order of variations in conductivity ol>tained on samples 
from different sites (see. also Section 5 below), it was not considered expedient 
at the present stage to make actmrate measurements of the temperature 
coefficient, which, as Higgs* has shown, is of the order of 3 per cent, per degree 
Centigrade at a frequency of 50 cycles per second. 

Within a small range, the effect of the depth at which the sample of soil was 
taken is shown by the results given in Table I, as obtauied on samples taken 
from the top and bottom of a trench which was cut along the edge of the field 
forming Site I. The three tests refer to three positions along the trench, about 
200 yards apart, and were made on different days. 


Table L — Restilts of Measurements on Samples of Soil taken from the Top 
and Bottom of a Trench near Site 1. 


DaU. 

Depth Irom 
surface 
ill feet. 

Moisturt^ 
content 
jxir cent. 

Conductivity in e.s.u. x lO"* at froquoiicics 
in kilocycles por second of— 

100 . 

1.200. 

10,000. 

lO.n.32 

1 0 

! 23 

0-79 

0-83 

Id) 


' 1*5 1 

19 i 

1 05 

M 

1*2 

n.a.92 

0 ' 

15 

1-2 

1-3 

13 


1-6 i 

15 j 

19 

f -9 

Id) 

14.3.32 

0 1 

2H ' 

1 « 

l-O 

1*9 


... 

” i 

1-1 

! 

1-3 

1-4 


It will be seen from this table that the difference in conductivity at the 
surface and at a depth of 1 foot 6 inches is not greater than the variation 
obtained at the different sites. It was not considered worth while investigating 


* ‘ J. ln»t. Elect. Eng. Load..’ vol. p. 736 (1930^. 
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samples from greater depths ou this site, since an opportunity was being pro- 
vided of carrying this out at one or two Post Office stations where the data 
obtained would have a direc^t practical application. 

{b) Variation of Moisture Content of Surface -In order to obtain a 
definite idea as to the magnitude of the seasonal variation of moisture content 
of the soil, this quantity was measured for a sample of soil taken every day 
from Site I over a period of 12 months. The results showed that during the 
greater part of the year tlie moisture content of the soil was between 10 per 
cent, and 30 per cent. It was only during periods of heavy rain that the upper 
limit was exceeded, and the samples, having the maximum moisture content 
experienced of about 39 per cent., were taken actually while it was raining. 
As soon as the rain stopped the normal drainage of the soil soon reduced the 
value to 30 per cent, or less. 

In the other direction, the moisture in the surface soil decreased steadily 
during the dry summer season, but it was only after several weeks of hot, dry 
weather that the moisture content reached its lower limit of 4 per cent. This 
condition, however, prevailed for only a few inches below the surface. Measure- 
ments made during this period on samples taken from a depth of 1 foot showed 
that the moisture content did not fall below a minimum value of 16 per cent. 

The results given in section (a) above show that when the moisture content 
falls below its normal range of from 16 per cent, to 30 per cent., the con- 
ductivity decreases considerably. This means that for the case of radio wave 
propagation the depth of penetration of the waves into the earth will increase 
slightly into the more moist, and thus better conducting, subsoil, and this 
factor will serve to counteract appreciably any departure of the moisture 
content of the soil from its normal value, so far as its efteot on the attenuation 
of the waves is concerned. Furthermore, it has been seen from the results 
given above that an increase in the moisture content above its normal value 
does not materially change the conductivity. 

(o) Didectrio Constant at Radio Frequencies, — ^As explained in Section 3, 
the ratio of the capacity of the specimen condenser filled with soil to its capacity 
in air gives the value of the apparent dielectric constant or permittivity of the 
soil under the prevailing conditions. The results of measurements made on 
samples of soil from Site I under the same conditions as those described for 
the conductivity measurements are given in fig, 3. For dry soil the dielectric 
constant varies from 2*8 to 2-6 as the frequency is raised from 100 to lO,000 
kilocycles per second ; with a moisture content of 3*6 per cent., the dielectric 
constant varies from 5*6 to 2*9 for the same range of frequencies. As the 
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raoiature content is increased, both the actual value of the dielectric 
constant and its variation with frequency increase considerably, as 
shown by the curves in fig. 3. Since the dielectric constant at low radio 
frequencies appears to exceed 80, which is approximately the value obtained 
for pure water at all frequencies, it is evident that the measurements are affected 
by polarization effects resulting from the elect rolj^ic conduction talcing place 
in the soil. Such phenomena are well known in the investigation of dielectrics 
and electrolytes at audio and radio frequencies, and the effects are sometimes 
interpreted as being caused by the formation of a film of molecular thu kness 



Kia. H(4atioii of apparent dielectric constant to frequency and nu>i8tnrc content for 
soil from Site I {N.P.L.). 

over the surfaces of the electrodes. These films act as leakage condensers of 
very high capacity, in series with the body of the material under invostigation. 
At very low frequencies and with material of r<*asonabIy high conductivity, 
the total capacity approaches that of the two films in series. Ah the frequency 
is increased tlie resistance of the films and the capacity of the material come 
into play to >in increasing extent, and at infinitely high frequencies the effect 
of tiic lilmH should become negligible. On this hypothesis the true values of 
the dielectric constant of the soil are those to which the imrves in fig. 3 approach 
asymptotically at high radio frequencies. Thus for normal moisture contents 
between 16 per cent, and 30 per cent., the dielectric constant of the soil from 
Site I lies between 18 and 30, and this is probably the value that is effective for 
the propagation of waves along the earth. It will be shown later, however, 
that even the higher “ apparent ” values, recorded in fig. 3, play a negligible 
part in comparison with the corresponding conductivity values given in fig, 1, 

2 B 
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The graphs in fig. 4 illustrate the mode of variation of the apparent dielectric 
constant with moisture content at a frequency of 1/200 kc./s. for each of the 
four sites at Teddington. It will be seen that although, as previously pointed 
out, the normal moisture content differs considerably for these four sites, the 
limiting values of the dielectric constant are of the same order. 



Fjh. i. — Kclatiou but ivopu upparujit diclp<;trii' eojwtant aud nioistum content for soib 
from Silos I - IV (N.I’. L.) at a frequonoy of |,2(K) kilocycl(« per second. 

{d) Extennm of the Frequency Range. ~Af^ the neeessary apparatus was 
available the opportunity was taken to obtain measurements in the audio- 
frequency range. The radio-frequency range was extended to 50 kc./s., while 
an audio-frequency range of from 0-6 to 4 kc./s. was also available. Pre- 
liminary measurements showed that while, at audio freipiencies, the con- 
ductivity value was similar to that obtained at low radio frequencies, the 
apparent dielectric constant had increased considerably in value, as would be 
expected from the polarization effects described above. The results of a 
complete series of measurements carried out on a typical sample of soil taken 
from Site I (N.P.L.) at frequencies from 0*6 to 10,000 kc./s. are given in fig. 6. 
Hero it is seen that for soil with a moisture content of 26 per cent., the con- 
ductivity of about 10^ e.8.u. is maintained down to 600 cycles per second. 


Com r:>c ct ivitt 
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At the lower end of the frequency range the conductivity curve has been 
extended to include the (jorresponding value given by Higgs* for a frequency 
of 60 c.p.H, in previous measurements made at the N»P.L. At the upper end 
of the frequency range the conductivity curve has also been extended to cover 
the experimental values obtained in field measurementsf on the same site at 
frequeiu^ies from 30 to 190 megacycles per second (wave-lengths 10 to l*6m.). 
The diagram, fig. 6, also shows the conductivity values obtained in field measure- 
ments in this country at various frequencies. 



Pio. r». -ItesiiltH of iaboratory meaaurements of electrical properties of surface soil from 
Site J (N.P.L.), at frequencies botwoon 500 and 10’ cycles per second. 25,5.32. 
Moisture eontent ^ 25 per cent. 


Concerning the apparent dielectric constant, it is seen that the measured 
values of this quantity rise to as much as 10,000 at the lowest audible frequency 
employed. The curve connecting this quantity with frequency is quite smooth 
and is seen to be asymptotic to a value of about 20 at very high frequencies, 
and it is reasonable therefore to assume that this is the true dielectric constant 
of the soil, at any rate for the radio frequencies. 

The lowest curve in fig. 5 shows the relationship between frequency and the 
quantity #c//2<t, where k is the apparent dielectric constant as measured. It 
is seen that even with the high apparent value, the above quantity is less than 


♦ Lot. ciu 

t Smith-Rose and McPetric, he. cit, 
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about 0-1 for frequencies below 1,000 kc./s. From the reasoning given in 
Se(’tiou 2, it is thus evident that for frequencies below this the dielectric 
constant of the soil plays u negligible part in the propagation of waves along the 
earth. As the frequency is increased from hOOO to 10,000 kc./s. the value of 
/r//2a‘ increases considerably and exceeds a value of unity. The broken-line 
extension of this curve is calculated from the limiting value of k 20 and 
from the extension of the conductivity curve to include the field measurements 
with ultra-short, waves. It is apparent from the shape of this curve that in a 
])and of frequencies around 10,000 kc./s., the dielectric constant of the earth 
may play an important part in the propagation of waves, and in view of the 
almost complete lac‘k of data upon this subject, it is desirable that both this 
quantity and the conductivity should be inve.stigated*further by both laboratory 
and field methods. 


5. Resuhs obtained on Surface Soil from other Sites, 

In Table II are given the results of conductivity measurements at three radio 
frequencies on samples of soil taken at random from several different sites, 
together with corresponding results for different samples taken from the same 
site, I, at Teddington. All the samples were taken from within a few inches 
of the surface. 


Table 11. — Results of Conductivity Measmejiients on Samples of Surface Soil 
taken at Random from Different Sites. 



Niu*. 

Muiaturt' 
content 
jx'r cent. 

(.Conductivity in o.ii.u. x i0“*a 
in kilocycles per second 

• 100. j 1200. 

d frequencies 

10,000. 

n/A.n 

Hanaioad (1) ... 

15 

1-2 

1-2 

1*4 

23.3.32 

„ (2) ... 

23 

2*8 

;m 

.3*3 

)fi.4.32 

Pulhoiij 

25 

2-« 

2'7 

4*1 

27.4.32 

Slough (W.V,) .... 

37 

3 0 

30 

4-2 

27.4.32 

(N.P.) .... 

29 

1*5 

1-7 

2-2 

29.8.32 

Hughy (1).. 

no 

3*4 

39 

0*0 

8.9.32 

.. (2) 

22 

0-61 

0*67 

1*0 

e.9.32 

Baldork 

21 

0-88 

093 

1*3 

U.3.32 

TccUlmgtun (1) .... 

15 

1-2 

1-2 

1*3 

14.3.32 

it 

28 

1-6 

1*6 

1*9 

21.3.32 

if 

22 

1*4 

1*4 

1*7 

IS.6.32 


25 

1-2 1 

1*2 

1*9 

25.5.32 

#» ••••1 

26 

M 

1*1 

1*4 

1.9.32 

...J 

13 

0*6 

0*7 

0-9 

6.9.32 


21 

1*2 

1*3 

1*6 
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This Tabh' II shows first of all thai at some of the plaees appreciably higher 
( oudiK^tivity values are obtained than those experienced at Teddington even 
for approximately the same moisture content. At the typical site selected 
at Teddington the (conductivity does not exceed 2 X 10® e.s.u., whereas at 
Pulham, at the Radio Research Station, Slough (West Park), and at Rugby, 
values exceeding 4 X 10® e.s.u, have been measured. The values of moisture 
content of the first sample obtained frr^m Rugby and the two samples taken 
at Slough are worthy of Jiote as being (considerably higher than those normally 
found at th(‘ other sites. 

It is thus evident that the conductivity of the soil varies considerably for 
difEerent sites, and that this variation is only partly accounted for by the 
variation in the moisture content of the surface soil imder normal weather 
conditions, 

6. Meamrernenis on Snbscils and the Penefralion of Electrie Waves, 

When an electric wave is transmitted over the surface of the earth, the 
resulting electric cjurrents set up penetrate to a d(^pth which is dependent upon 
the wave-frequency and the conductivity of the earth. A complete study of 
this subject must, therefore, take account of the electrical constants not only 
of the surfa(’e soil, but also of the subsoil to such a depth as is involved in wave 
propagation. To make the laboratory investigation complete, therefore, it 
is necessary to extend the measurements to samples of subsoil taken at various 
depths. With the co-operation of the Post Office this has been done for sites 
at the Rugby and Baldock stations, where the results are likely to prove 
directly applicable to some of the problems involved in radio communication. 

The necessary samples of soil wore taken from two sites at the Rugby station 
about 60 feet apart, and one at Baldock at depths limited to 10 feet from the 
surface. Care was taken that the subsoil was not exposed to the air for longer 
than was absolutely necessary, and as a sample was taken out it was immedi- 
ately sealed and sent to the National Physical Laboratory for measurement. 
Determinations of the moisture content were made on all samples in accordance 
with the practice adopted throughout this investigation. A summary of the 
results obtained and a brief description of the nature of eacsb sample of soil, 
is given in Table III. 

At Rugby the conductivity of the subsoil, which consists of blue clay, is 
from five to ten times the corresponding value at Baldock, where the subsoil is 
practically pure chalk. For the first site at Rugby, abnormally high values of 
moisture content, with correspondingly high values of conductivity, were 



Table III. — Measurement on Samples of Soil taken at Various Depths. 
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obtained on tie samples taken from the first foot of soil This high moisture 
content was considered to be due to the fact that the clay was somewhat 
nearer the surface, while the top soil was of a very fibrous nature, with good 
moisture retaining properties. The samples taken at depths of from 3 to 10 
feet were very similar in appearance for both sites at Rugby, and the results 
given in Table III show that the average conductivity is of the order 10 X 10^ 
e.s.u. and the apparent dielectric constant about 45. 

Tlie results obtained on the samples from Baldock show that their electrical 
properties are similar to those from Teddington, the measured values of both 
conductivity and diele(itric constant tending to increase with depth, probably 
owing to the increased moistures content of the chalk subsoil. 

The last column of Table III indicates the ami;)litude of the (uirrent that 
would be found at any depth at a frequency of 10,000 kc./s., assuming 
unit amplitude at the surface. These current values have been calculated from 
the relation 



where 

1 q =5 amplitude of current; at surface, 


I, ~ amplitude of current at depth z,” 
X = wave-length employed, 



Wheu 

2(t 


1, the formula for a reduces to 


A /® 

a = '\/ • 

/ 2 


In m akin g the calculation the average value of conductivity and dielectric 
constant given in Table III was used for each layer of soil for which measure- 
ments were available. From these results it is seen that at Rugby, over 90 
per cent, of the current is carried in the first 1*5 metres (5 foot) of soil, while for 
Baldock a little less than half the current flows in this depth of soil ; an extra- 
polation of the results shows that a depth of about 4 metres (13 feet) is required 
to carry 90 per cent, of the current. These results refer only to a frequency 
of 10,000 kilocycles per second. The depth of penetration for a given current 
amplitude will vary with the frequency to a considerable extent. For example, 
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for soil of conductivity 10^ and dielectric constant 20, which are approximately 
the values of the soil at Teddington and Baldock, the current will have decreased 
to one-tenth of its amplitude at the surface, at dej:)ths of about 5, 12 and 26 
metres for frequencies of 10,000, 1,000 and 200 kilocycles per second (wave- 
lengths 30, 300 and 1,500 m.) respectively. 

7* C(y)volusions mid Achwwledgmmts. 

Tliis paper contains a description of the results of the application of a 
laboratory method of determining the electrical conductivity and dielectric 
constant of the soil. The results of a preliminary survey of the behaviour of 
these oonstauts for a few representative samples of soil under conditions of 
varying moisture content and applied frequency, are disemssed in some detail. 
It is shown that the results obtained by this laboratory method are in fair 
agreement with such data as are available from field measurements, which 
have usually been carried out by means of some characteristic feature of the 
propagation of waves along the earth’s surface. 

It is considered that the results of this brief investigation justify the inclusion 
of the laboratory method as a useful tool in radio (‘ommunication technique. 
The method posscssclS advantages of ease and rapidity of operation over any 
field method, and these may be offset against the fact that the results are 
limited to one small portion of the soil at a time. The latter possible dis- 
advantage may be overcome, as shown above, by making a rapid survey of 
samples from different sites and at different depths below the surface. For tlie 
explorat ion of a large area it will suffice to measure a range of samples at a single 
frequency, which may, if desired, be in the audible range. After a first selection 
of sites in this maimer, a more detailed examination may be carried out over 
the desired range of radio frequencies, and at the requisite depth which may be 
estimated with fair accuracy from the results obtained on a few samples of 
subsoil. 

It is outside the scope of this paper to discuss further the effect of the 
electrical properties of the soil on the propagation of waves in radio com- 
munication. This matter, in its relation to broadcasting and the efficiency 
in transmission and reception by means of antenna arrays, has already received 
considerable attention from other investigators.* It is not only the waves 

♦ Eckersley, T. L., ‘ J. Inst. Elect. Eng. Loml./ vol. 67, p. 992 (1929). Eckersley, P, P. 
Eckei'Mley, T. L,, and Kirke, H. L., ‘ J. Inst. Elect. Eng. Lond.,’ vol. 67, p. 607 (1929).. 
Eckersley, P, P., ‘ Proc. Inst. Radio Eng.,’ vol. 18, p. 1160 (1930). Walmsley, T., 

‘ J. last. Elect. Eng. Jvond.,’ vol. 69, p. 299 (1931). MePetre, J. S., ‘J. Inst. Elect. 
Eng. Lend.,’ vol. 70, p. 382 (1932). 



Ele(irical Proferiies of SoiL 


377 


transmitted along the surface which are afiected, but the resultant field t)wing 
1 o waves incident on the earth’s surface from the upper atmosphere is largely 
determined by the properties of the ground. A comparatively recent paper 
by PottcT’ and Friis* illustrates very clearly the magnitude of the improvement 
in reception which may result from correctly locating an antenna array on the 
ground so that its optimum angle of reception is the direction of arrival of the 
incoming waves, making due allowance for reflection from the ground. 

This investigation was carried out as part of the programme of the Kadio 
Itesearch Board and is published by the permission of tlic Department of 
Scientific and Industrial Research. The author desires to acknowledge his 
appreciation of the assistance rendered by Mr. A. C, Qordon-Smith in making 
1 he electrical measurements and to Mr. W. H. H. Brookes for determining the 
moisture contents of the v^arious samples of soil used. 

Summary. 

The application of a laboratory method for measuring the conductivity and 
dielectric constant of samples of soil taken from selected sites at the National 
Physical Laboratory, Teddington, is described. These measurements were 
made over a range of frequencies of from 1000 cycles per second to 10 million 
cycles per second, and for various moisture contents ranging from practically 
zero up to a value exceeding that nornuvlly experienced for surface soil taken 
direct from the ground. The results of these measurements show that the 
conductivity varies from less than 10^ e.s.u. for dry soil, up to a value of approxi- 
mately 10^ e.s.u. for normal moisture content. Corresponding values for the 
dielectric constant range from 2 or 3 for dry soil up to about 20 for moist soil at 
liigh radio frequencies. The results of measurements made on a number of 
samples of soil taken at random from several other sites are included in the 
paper, and show that both the normal moistuxo content and the conductivity 
<!un have values which are appreciably higher than those experienced at 
Teddington. 

Tlie paper concludes with a brief dist^ussion of the penetration of radio- 
frequency currents in the earth, and the effective depth of penetration has been 
calculated in some instances with the aid of the experimental values of con- 
ductivity and dielectric constant determined above. 

* ‘ Proc. luHt. Radio Eng. Lend./ vol. 20, p. 699 (1932), 
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The Luminom Reduction of Sdenium Dioxide, 

By H* J. EMKiJfenSj Imperial College of Science and Technology, London, and 
H. L. Riley, Armstrong College, Newcastle. 

(Communicated by J. C. Philip, F.B.S. — Receiv^ed November 22, 1932). 

fPrjkrE 3.] 

Introduction, 

In the coiirse of soiru^ rec<*ut investigations* on the oxidizing action of 
seleniTJin dioxide on organic compounds it was found that, if the temperature 
was raised above the point required for the specific oxidizing reaction, the 
reduction of the dioxide was accompanied by a characteristu' moonlight-like 
flame. This was first observed in the reaction of (‘tliyleru* with selenium 
dioxide at a temperature of circa 400^ C, but subsequently a iuunl>er of other 
substances were found to behave similarly, the following having been studied 
in some detail : ethylene, acetylene, methyl-, ethyl-, and propyl-alcohols, 
acetaldehyde, acetom', benzene, toluene, ether, carbon disulphide, and 
ammonia. 

When the oxidation takes place at lower temperatures, t.e., at temperatures 
which arc not sufficiently high for the luminous reaction, intermediate products 
are formed from all of the carbon compounds. Acetaldehyde, for example, 
is oxidized quantitatively to glyoxal, the dioxide being reduced to elementary 
selenium, whilst ethylene also yields glyoxal. The present investigation was 
undertaken in the hope that the nature of the light emitted when the reactions 
are carried out at higher temperatures might possibly explain the highl}^ 
selective nature of the oxidations at the lower temperatur(*s. 

Experimental, 

The conditions used for producing the flames in selenium dioxide vapour 
were as follows. Powdered resublimed oxide (16-20 gm.) was heaped near 
the closed end of a clear silica tube, 2*0 cm. in diameter, 20 cm. long, with a 
side inlet tube at 0*6 cm. from the closed end ; this served as a window in 
photographing the spectra. The open end of the tube was attached to a coo- 

♦ Riley, Morley and Friend, ‘ J, Chem. Soc.,’ p. 1875 (1932) ; Riley and Friend, ibid,, 
p. 2342 (1932); Imi)erial Cheinical Industries and Riley, ‘ B.P,,’ 354, 798 (1931) and 
376, 306 (1932) ; I. G. Farb. A.G., ‘ B.P./ 347, 743 (1931) ; Hohwenk and Borgwardt, 

‘ Ber. dents, ohom. Ges.,’ vol. 65, p. 1601 (1932). 
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dernier for removing liquid products of reaijtion and re-actants, any uncon- 
densed gases being led into an eflfiKuent draught (‘upboard. A fairly rapid 
stream of gas from a cylinder, or, witli liquids, a stream of vapour from 
a distilling flask containing the gentJy boiling liquid, was passed over the 
oxide to displat^e air from the u})para.tus. The tube was then heated rapidly, 
either electrically or with a Bunsen burner. Reduction started at below 
lOO'^ C. in every case, and at 350''^-4<)0'^' (*. a blue flame vsuddenly appeared. 
With the aliphatic (*omj)ounds, earlion disulphide, and ammonia the flames 
were fairly persistent., occasional ht‘ating being sufficient to maintain them 
eoatiimously. With the aromatic (-ompounds — particularly bt'nzenc- — strong 
and continuous heating w^as necessary. One charge of seleniinn dioxide gav(* 
a flame of 10-25 minutes duration, after which a new tube had to bo set up. 

The ratt^ of passage of gas or vaiiour could ha varied within wide limits, 
provided the oxid<‘ was suflu'iently heated. The only effect of altering this 
factor was to change tlu^ siz<* of the flame, which took the form of a tongues of 
light 5-20 cm. long, stntching down the tube from the lu'ated oxide. The 
flame spectra were photographed end-on through tin* closed end of the silica 
tube, which was ])laced directly in front of the spintrograph slit. It was 
necessary to withdraw the tube and heat its end with a free flame every few 
minutes during an exposure, in order to remove a film of condensed material 
from the window. 

Ethylene, from a cylinder of the compressc^d gas, was used in the first series 
of experiments. The approximate ignition temperature, measuic^d with a 
thermocouple in contact with the heap of selenium dioxide, was 350^-400^ C. 
and the reading then rose rapidly to circa C. The flame was definite!}^ 
in the gas phase, and not at tht* surfaci^ of the oxide. The vapour pressure of 
selenium dioxide at 320® C. = 849 mm. (Landolt-Bomstein Tables), so that 
a plentiful supply of vapour would be available. The light intemsity was 
sufficient to render small print visible at 1 metre from the tube. When th*' 
temperature was allowed to fall until the flame was just extinguished then* 
was a very short temperature interval in which a, faint white (diemiluminescence 
was visible. 

Acetylene, prepared by the action of water on calcium carbide, behaved in 
the same way as ethylene, as also did methyl-, ethyl-, and propyl-alcohols, 
acetaldehyde, acetone, ether, and carbon disulphide. These latter substances 
were all obtained from the ordinary commercial samples, but highly purified 
ethyl alcohol gave results identical with those from “ rectified spirit.” During 
the reaction with acetylene the end of the tube rapidly became covered with a 
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(lepomt of t:arboo, for which reason the flame spcctnun could not be photo- 
graphed. Hydrogen sulphide was also found to give a flame with selenium 
dioxide, hul the deposition of sulphur prevented photographs being taken. 
Benzene and toluene inflamed in selenium dioxide vapour at temperatures 
above 450® C., benzene being more difficult to ignite than toluene, whilst 
both substances burned with a smoky flame. 

The reaction between selenium dioxide and anmionia started at room 
temperature if the oxide werc^ at all damp, or at about 40® C. if the sample were 
dry. The white oxide rapidly blackened, owing to the separation of seleniiim, 
and minute flashes of pale blue light were visible in a dark room. On warming 
the tube to 80®-100® C. a steady bhiish chemiluminescence eould be observed. 
As the temperature w^as raised the luminescence increased in volume and 
became brighter, a rose pink tinge appearing at circa 350® C. The normal 
flame, resembling those obtained with the organic substances, made its appear- 
ance at 400®-430® C. On cooling, these phenomena could be observed in the 
I’e verse order. 

Tks Chmnical Jteactions, 

It is alretuly known that when selenium dioxide reacts with ketones, alde- 
hydes, ethylene, and acetylene below 2»30® C. the principal products are glyoxtds 
(Riley and co-workers, Zoc. dL). The reaction with alcohols is more complex, 
and is the subject of a separate paper, in course of publication. When the 
reaction temperature is allowed to rise so that the flame appears, the yield of 
the particular glyoxal falls off, and the amount of carbon monoxide, carbon 
dioxide, and water formed increases. These three substances are the principal 
products from the flames of all of the organic compounds examined. At 400® 
C. intermediate products would probably be unstable, and the oxides of carbon 
and water might come from their decomposition, or, alternatively, from a direct 
oxidation process, differing in mechanism from the non-luminous oxidation. 
The lack of control of the flame conditions would make it difficult to carry out 
complete analyses of the reaction products, which would serve to decide this 
point. 

In the experiments with carbon disulphide large amounts of sulphur dioxide 
and carbon dioxide were detected among the products. The reaction with 
ammonia gave almost exclusively nitrogen and water, a little nitric acid also 
being detected. Indications of the formation of a detonating substance 
(possibly a selenium-nitrogen compound) were also obtained in the course of 
the reaction, very slight explosive cracks occurring from time to time in the 
cooler parts of the apparatus. 
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According to KlageB* the reduction of selenium dioxide with hydrogen is 
accompanied by luminous phenomena. The authors failed to verify this 
observation with hydrogen from a cylinder. The oxide could* in fact, be 
sublimed quite freely in a stream of hydrogen with only slight reduction. It 
is possible that the hydrogen used by Klages was contaminated with hydro- 
carbons. It is also of interest that sulphiir dioxide had only a slight reaction 
with selenium dioxide under the above conditions, no luminous phenomena 
being observed. 

T/ie Flatm Spectra. 

Photographs of the flame spectra were taken on (a) a glass grating spectro- 
graph, with a linear dispersion of 35 A. per millimetre ; (6) a Hilger small 
quartz spectrograph ; (c) a quartz spectrograph with lenses working at an 
aperture of f . 4 • 5. The bright flames needed exposures of 5-30 minutes on 
the grating instnunent. Since band heads in the flame spectra were always 
partly obscured by a continuous radiation, and were difficult to see when using 
a comparator, measurements were made with an accurate scale on enlarge- 
meiits of the negatives printed on contrast pa|)er, and with a copper arc reference 
spectrum. An additional check on the identity of band systems was obtained 
by supijrposing plates taken on the same instrument. 

The hot flames supported by selenium dioxide gave bauds and continuous 
radiation in th(j visible spectrum, and no light in the ultra-violet. There were 
12 broad bands between 5620-4000 A., of which six between 562045100 A. 
were very diffuse and had a breadth of 50-70 A. The remainder were some- 
what sharper and were definitely degraded towards the red, some of the bands 
showing evidence of fine structure and having double heads, of which, however, 
only the more intense were measured. The continuous radiation extended 
over the whole of the visible spectrum, and had a maximum intensity at 4400- 
4600 A. Between 4500-4200 A. there were further bands, almost obscured 
by the continuous background, but apparently belonging to the same series 
as above. Between 4100-3800 A. was a series of closely spaced and very 
diffuse bands, considerably less intense than the above, and extending to 
3600 A. when photographed with a quartz spectrograph. 

Plates showing all of these cliaracteristics were obtained from the flames of 
selenium dioxide with methyl-, ethyl-, and propyl-alcohols, acetone, ether, 
ethylene, and toluene. Only the stronger bonds between 4700-4400 A. 
were observed in the case of the flames with acetaldehyde, benzene, ammonia, 


* Chem, Z,; vol. 45, p. 450 (1698). 
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and carbon disulphide, though there is little doubt that longer exposures 
would show the remainder. All of the plates taken with the grating mstrumeut 
Wf're compared by direct superposition with that from the selenium dioxide- 
methyl alcohol flame, and the spectra were found to be identical in all cases 
for bands above 4600 A. Where bands at shorter wave-lengths were sufficiently 
well defined for comparison to be made thert^ was again a complete corre- 
spondence between the different negatives. Reproductions of the flame spectra 
of methyl and propyl alcohols are shown in Plate 3. (a) is the spectrum of 

the methyl alcohol-seli»nium dioxide flame, photographed on the grating 
instrument with an exposure of 30 minutes, and with a copper arc comparison 
spectrum. It shows the broad diffuse bands particularly well. (6) is the 
spectrum of the propyl alcohol-selenium dioxide flame, photographed on the 
same instrument with an exposure of 15 minutes. Th(^ continuous back- 
ground is less intense, and a number of the sharper bands are visible. Both 
plates show the sodium lines, partly resolved. They were always present in 
the flame spectra, and probably represent impurity in the selenium dioxide. 
These two reproductions are typical of all of the spectra so far described. 

In Table I is given average wave-length measurements for the violet edges 
of the bands. The error of measurement is probably less than ± 5 A. 

In the second column of the table the positions of the band heads in the 
spectrum of the selenium flamci in oxygen are recorded. The bracketed values 
indicate bands found to correspond with those measured in the selenium 
dioxide flames, but not measured directly. To produce this flame the selenium 
was heated strongly in oxygen in a quartz tube, when it ignited readily. The 
flame was distinctly more blue in appearance than when combustion occinted 
in the vapour of the dioxide, ’'fhe spectrum was photographed on the grating 
instrument and on the small qiiaftz spectrograph ; in the latter case no ultra- 
violet spectrum was observed. The visible spectnun consisted of broad 
diffuse bands between 6700-4600 A., identical with those observed in the 
selenium dioxide flames. Below 4300 A. there was a well-developed series of 
closely spaced bands, degraded to the red. The positions of their heads are 
recorded in the second column of Table I. They were sharper than the corre- 
sponding bands in the selenium dioxide flames, and relatively more intense, 
whilst the two sets of wave-length measurements show very definite differences, 
so that the two groups of bands are not definitely identical. The closely 
spaced bands in the selenium-oxygen flame agree well with a series of absorption 
bands observed with selenium dioxide at 350*^ C. by Evans and Antonoff.* 

♦ ' Astrophys. J.,* voL 84, p. 277 (1911). 
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FUmea burning 
in SeOg. 

Fiamo of He 
in Oj. 

Abaorptiun 
of HeO,. 

Se in C5reit«iler tul)o 
axxd flame (Halet). 

A. 

A. 

A, 

A- 

5620 

— 


5650 

5530 



5550 

5410 

— 

....... 


5370 

(6370) 


5370 

5245 

(5245) 

. - 

5270 

5140 

(6140) 

. .. 

5160 

5025 

(5025) 

- - 

5050 

4930 

(4030) 

- - 

4950 

4850 

(4850) 

-- 

4840 

4750 

(4760) 


4750 

4685 

(4685) 

— 

4670 

4600 

(4600) 


4610 

4436 

— 

4437 



4405 

— 

4395 

4400 

4376 

— 

4365 

— 

4340 

1 — . 

4330 


4310 

4295 

4290 


4270 

4260 

4266 


4240 

4225 

4220 


4200 

4190 

4185 

— 

4166 

4160 

4157 

■ ^ 

4130 

4126 

4117 

— 

4100 

4095 

4083 

.... 

4060 

4060 

4055 

— 

4030 ! 

4030 

4020 


4000 1 

4000 

3990 

— 

1 

8965 

3960 

— 


The meaHurementB of these authors are given in column 3, Table 1, and a 
comparison of the two sets of values shows fairly definitely that the band 
system in the Wilenium-oxygen fiame must be the emission spectrum of selenium 
oxide. In Plate 3 (o) is a photograph of the selenium-oxygen fiame spoe-trum, 
taken on the grating spectrograph with an exposure of 30 minutes. A strong 
continuous background masked the broad diffuse bands at longer wave-length, 
but the bauds attributed to SeOg (or SeO) are visible. 

Special tests were made with the large apert.uie spectrograph to verify that 
no ultra-violet bands were given by the fiames burning in selenium dioxide 
vapour, and, in particular, that the water bands, commonly observed in the 
spectra of burning hydrogen compounds, were not excited. The large aperture 
spectrograph recorded them in the spectrum of a Bunsen fiame placed at 10 cm. 
from the slit with an exposure of 1 minute. With a 90-minut(‘ exposure of the 
selenium dioxide-methyl alcohol flame no trace of the (OH) bands was observed, 
nor did similar tests with the flames of selenium dioxide and propyl alcohol, 
acetone, ammonia, or carbon disulphide give any indication of ultra-violet 
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bands or continuum (below 3600 A.). Unless, therefore, the transparency of 
the quartz had been impaired, it was clear that any ultra-violet emission from 
these flames must have been of very Iom' intensity compared with that in the 
visible spectrum. During the exposures the end of the quartz tube was 
heated every few minutes to remove any film of condensed material, and the 
transparency of the quartz in the ultra-violet was specially tested. Evans 
and Antonoff (/no. cU.) found tliat absorption by selenium dioxide vapour 
was continuous below 4000 A., but with the method used in producing the 
flames absorption by the vapour of the dioxide is unlikely to have masked 
short wave-length emission bands, as the reacting vapour or gas always 
approached the selenium dioxide from the direction of the window, and 
combustion took place in a definite flame front. 

In order to determine if the intensity of the water bands in a hydrogen 
flame burning at a silica jet was influenced by the admixture of selenium vapour, 
the image of a flame 1 • 5 cm, high was focussed on the slit of the small quartz 
spectrograph, and an exposure of 30 minutes was made. Next- an equal 
exposure was made with sufficient selenium volatilized into the hydrogen 
stream to colour the whole flame an intense blue. In this cas<», although bands 
in the visible due to selenium w(ire observed, the intensity of the water bands 
was the same as in the simple hydrogen flame. 

The normal flame of ammonia burning in the vapour of selenium dioxide, 
as already described, gave the same spectrum as the flames of the organic 
compounds and carbon disulphide. The reaction with ammonia was, however, 
unique in giving a well-marked phosphorescent flame. The spectrum of this 
was photographed on the large aperture spectrograph with rapid plates, the 
same tjrpe of tube being used as for the hot flames, but the temperature being 
controlled to about 300"" C. With an fxposure of 5| hours seven band heads 
betwe(Mi 5200 4600 A. common to tlie spectrum of the hot selenium dioxide- 
ammonia flame, were recorded. Very much longer exposures would be needed 
to verify all of tlie detail, but it is very probable that the low temperature 
flame has the same spectrum as that at higher temperatures. A reproduction 
of this photograph on the quartz spectrograph is shown in (d), Plate 3. Owing 
to the low dispersion of the instrument in the visible the bands can scarcely 
bo distinguished. 

Disemsion. 

The emission spectra of selenium in the Qeissler tube and flame has been 
studied by Salet* using a low dispersion (this being necessary, if the results 
* ‘ Ann, chim. phys.,* vol. 28, p. 6 (1873). 
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•n to Iw of use for compaxison with those givea here), it was found to oonaut 
(tf a series of bands between 5650-4610 A. These values ate included for 
eomparison in the last column of Table I. They agree approximately with the 
diffuse emission bands in the spectra of the flames in selenium dioxido vapomr, 
and the latter arc therefore probably to be attributed to the selenium molecule. 
The same bands occur in the flame of selenium burning in oxygen. It is of 
interest that a similar series of bands in the visible spectrum, attributed to 
Ss, was observed in the flame spectrum of sulphur or carbon disulphide in 
oxygen by Fowler and Vaidya.* 

In the selenium flames there is also some evidence that the Se, molecule is 
responsible for emission, for Rosenf has recorded a series of broad diffuse 
bands at the red end of the selenium fluorescence spectrum, his measurements 
agreeing approximately with the values for the selenium dioxide flames. 
Patemb and MazzucchelliJ observed a conthraous emission with diffuse bands 
on heating selenium in a quartz tube to 1400“ C., and Rosen (ioc. dt.) has 
identified these bands with the diffuse system in the fluorescence spectrum. 
At 800“-1000“ C,, when the thermal emission first becomes visible, the dissocia- 
tion of selenium into 802 molecules is almost complete. Probably, therefore, 
the emission of these broad diffuse bands is to be attributed to the simple 
molecule. The origin of the faint group of closely spaced bands in the region 
4400-4000 A. cannot be regarded as settled ; there is partial agreement with 
the absorption spcotnim of Se 02 , however, and there axe indications of the 
bands in dl of the flames burning in selenium dioxide, so that they are probably 
aoeotiiated with selenium. 

These results prove definitely that the chief emission from the flames of 
very diverse substances burning in selenium dioxide vapour is characteristic 
of selenium, and perhaps also of its oxide, but not of the substance undeigoing 
oxidation. This is surprising, because all oarbon-hydiogen and carbon- 
hydrogen-or^gen compounds when burnt in oo^gen give very characteristic 
flame spectra. The chief emission hands are due to (CH), (Cg), and (OH), or 
in the case of the phosphoxeeoent combustion of some of the carbon compounds, 
a Miies of bands of unknown origin is observed in the Uue.$ With the possihle 
exoeption of a band at 43 10 A. , which might be due to (CH), Oien is no indication 
of the above band systems in the flame speotxa whioh we have examined 

* * F»o. Roy. 800..' A, wd. 1«8. p. SM> (1981). 

t ' Z. Physik,’ toL 48, p. 06 (1827). 

I C!f. K^ner, “ Beadlnirit 4. B pe oli oswipie,** vel, 9, p. 491 (1912). 

I Rmdto, ' J. awn. 8<w..' p. 1738 (19^^ 
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Bands in the visible might be blotted out by stxong selemum emission and 
continuum, but there should have been no difficulty in observing the ultra* 
violet OH bands. The same is true of the flame of ammonia in oxygen, which 
normally gives systems due to NH and OH,*** and of the normal carbon di- 
sulphide flame, which gives bands attributed to SO, SO^, and CS, and has 
a considerable emission in the ultra-violet.f 

Tlie reason why all of these characteristics of the normal flames are missing 
when the oxygen needed for combustion is supplied by selemum dioxide is 
not clear. The experiment described, in which selenium was burnt with 
hydrogen, shows that it does not interfere with the emission of the (OH) 
l^iuds under such conditions. 

In the present state of the problem there is too little evidence for the possible 
reaction mechanism to be discussed in detail. The spectroscopic results do, 
however, show that selenium dioxide does not simply furnish oxygen for the 
combustion by dissociation. If this were so, then the emission bands of 
selenium might be superposed on the normal flame spectra, but the latter 
would not be supprtissed. The alternative is that the SeOg molecule forms a 
deflnite intermediate compound with the substance undergoing oxidation — 
this might be the counterpart of the peroxides |>ostulated in combustion in 
oxygen. From such a complex selenium must be eliminated, leaving inter- 
mediate oxidation products which may be isolated at lower temperatures, 
but which undergo a non-luminous thermal decomposition if the temperature 
is sufficiently high. The radiation from the selenium molecule is evidently a 
process which occurs readily, for selenium is capable of giving a thermal 
emission, and the energy of the oxidation reaction would be sufficient for its 
excitation at the higher temperatures at which the transition from the dark 
to. the luminous reaction is observed. 

The authors are indebted to Dr. L. C. Martin for the loan of the grating 
spectrograph used. 

Summary. 

(1) Selenium dioxide vapour will react with methyl-, ethyl-, and piopyl- 
aloohdb, acetone, acetaldehyde, ether, ethylene, acetylene, benzene, toluene, 
ammonia, hydrogen sulphide, and carbon disulphide at drea 400® C., giving 
a bright blue flame. 

(2) The principal oxidation products are oxides of carbon, carbon, and 

* Fowler and Badaxni, ' Froo. Boy. Soo*,' A, vol. 133, p. 325 (1931b 
t Fowler and Vaidya, loe. eil. 
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water, from the carbon compounds; nitrogen and water jErom ammonia; 
and sulphur dioxide, sulphur, and oxides of carbon from carbon disulphide. 

(3) All of the flames have the same spectrum, consisting of bands and con- 
tinuous radiation between 6700-3600 A. ; the band systems being attributed 
to the Seg molecule, and possibly also to the oxide of selenium. The same 
bands occur in the flame of selenium in oxygen, which also shows emission 
bauds attributed to SeOg. None of the flames has an ultra-violet spectrum. 

(4) These flame spectra are totally different from those of the corresponding 
flames in oxygen. 

(5) A phosphorescent flame has been obtsuned by heating selenium dioxide 
in an ammonia stream at 100°-300° C. Its spectrum has been photographed, 
and is the same as that of the hot flame of ammonia burning in selenium 
dioxide. 


Investigations on the Spectrum of Sdenium. — Pari II, Se III. 

By J. S. Babahi, Ph.D., Physikalisch-Technischo Reichsanstalt, Berlin, and 
K. R. Rao, D.Sc., Science College, Andhra University, Waltair, India. 

(Communicated by A. Fowler, F.R.S. — Received November 26, 1932.) 

Introductory. 

The present paper is a continuation of the work on the spectra of selenium, 
carried out by the authors partly in Professor Fowler’s Laboratory at the 
Imperial OoUego and partly in Professor Siegbahn’s Laboratory at UppsaHa. 
A detailed account of the experimental part of the investigation together with 
the analysis of 8e IV and Se V has been given in a previous communication.* 
As already reported in ‘ Nature ’f the experimental data there described have 
led to the identifloation of the system of energy levels characteristic of the 
spectrum of doubly-ionised selenium. It is the purpose of the present paper 
to give an account of the structure of this spectrum so far as it is revealed by 
a study of the spectrograms of selenium imder different conditions of excita- 
tion. 


* ‘ Proo. Boy. Soo.,' A, voL 131. p. IM (1931). 
t ‘ Katare.’ vol. 128, p. 498 (1931). 
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Observ€Ui(mal» 

The lines of the spectrum in question appear when disohargeB» even of mode- 
rate intensity, are passed through selenium vapour contained in a capillary 
tube. In the ordinary spark in air, the spectrum is represented only by a 
very few of the stronger lines which couM be ascribed to Se III, but with strong 
discharges through capillary tubes, the lines are considerably enhanced and 
the complete 8p(?otrum is easily photographed. In the region of very short 
wave-lengths, below X 1500, the source found suitable for the excitation of 
the spectrum was the spark in vacuum between aluminium poles tipped with 
metallic selenium. With this source, excited by a 60 K.V. transformer, it 
was found necessary to include an inductance of about 0*5 m.fa. to elicit lines 
of Se III and Se II. At the same time, a study of the spcMjtra excited with and 
without inductan(?e in series in the secondary circuit has greatly facilitated the 
assignment of the lines to the various stages of ionization of the element. 
Reference may be made to a reproduction of the spectra in the previoas paper 
by the authors {loc. dt.), where the method of measurement and the instruments 
employed for photographing the various regions of the spectrum have also 
been described. 

Ptedided Trnns, 

The term structure of Se III, predicted by the Heisenberg-Hund theory, is 
similar to that of Ge I and As 11 ; it is shown in Table 1, in which the terms 
are based on the normal s configuration of the next higher ion, Se IV, The 
last row gives the terms involving an inner electron transition, based on the 
configuration sp* of the core. The discovery of such terms baa been made in 
only a few spectra and is a special feature of the analysis of Se III snggested 
in this paper. The notation is the same as that adopted in the preoeding 
paper, to which reference has already been made. 


Table I.— Predicted Terms of Se III, 


3| 3j| 3s 

4| 4g 4, 4s 

1 

6, 6, 6, 

Term 

prefix. 

Terms. 

2 6 10 

2 2 


4j> 

*P ‘D *8 

2 6 10 

2 1 

1 

69 

•P >P 

2 6 10 

2 1 


4d 

*P *0 'P ‘F »D »P 

2 6 10 

2 

1 

tip 

*D 'P *8 >D ‘P *8 

2 0 10 

1 8 
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^no^m. 

Tbe analysis of thn spectrum presented considerable difficulty owing to the 
largeness of the characteristic intervals involved and the consequent super- 
position of different multiplets. Further, on account of the very large number 
of close lines occurring in the spectrum, particularly in the extreme ultra- 
violet, a headway could not be made with the analysis until plates were taken 
with a high dispersion vacuum spectrograph, such as that used at Uppsala, 
which gave a dispersion of about 2-8 A. per millimetre at X 900. By a careful 
scrutiny of many of these plates taken with and without series inductance, 
it has been possible to classify almost all the important lines in this regiom 
and with the aid of this classification to extend the scheme into the region of 
kmger wave-lengths. The first clue to the discovery of regularities in the 
spectrum was afforded by our knowledge of the identifications of the important 
multiplets of the iso-electronic spectrum of As II, arising from the transition 
of the electron from the 6s to the state. The triplet 4p*P — 6s *P thus 
identified is one of the strongest groups in the region X 800, although in the 
corresponding spectrum of doubly-ionized sulphur, of the same chemical group 
as selenium, Ingram* noticed that this group presented very abnormal 
features. The intensity of this group in 6 III is much less than what might be 
expected of a resonance group, and the intervals of the 6s ^P term are abnormally 
small. When an s ” electron is added to an ion in a ‘‘P state, wo derive the 
four levels ’Po, i, a and *Pi and according to the theory of multiplet separations 
developed by Goudsmit,! the separation of the “ s ” levels with j = 2 and 
j =s 0 is constant through the whole series of levels and equal to the p doublet 
of the ion. This rule generally holds good with remarkable accuracy, as 
shown in Table II, which was started previously by Rao.| In S III, however, 
4s •Pq — 4s *Pa is as low as 460 cm.“^ while the limiting difference •Pj — •P, 
is about 960 cm.~^ In the spectrum of Se III, now under consideration, the 
relation is found true and it is indeed peculiar that it should break down only 
in a single instance.^ 

The abnormality in the interval ratio of 48*P|: — 4s ‘P, to 4s ‘P^ — 4s ’Pj, 
observed by Ingram in S III, is seen to be a characteristic feature of all the 

* ‘ Phys. Rev.,’ vd. 83, p. 907 (1029). 

t * Phys. Rev.,’ voL 81, p. 046 (1988). 

t * Pn». Roy. Soc.,’ A, vd. 124, p. 472 (1989). 

g The ease of N I, in which also the first a >P term isterral is abaormally small, is diflannk 
from that under oonsideration (t^, ‘ Phys. Rev.,’ vd. S3, p. 012 (1080) ). 
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simflar spectra of the next row of the periodic table, of Qc 1, As II, 8e III, 
as is evident from Table III. 


Table m. — ^Interval Ratios. 


Speotnun. 


(5«»P*—^»Pi) 


Gel 
As 11 
Belli 


5*65 

6*00 

7*16 


All the classifications obtained in the present work are collected in moltiplet 
form in Table IV and a catalogue of these lines is given in Table V. The tables 
are self-explanatory. 

Dimusion. 

The group of bp terms was identified chiefly with the aid of the differenees 
of the 6«*P terms. It is interesting to observe that the fine v 24704*4 is 
stronger than any of the three lines v 25969 *3, 29578*9 or 30083*0 and this 
feature has led the authors to designate the level 118563*6 as instead 

of bp ’P^. This assignment, however, has left ^ *Pj unidentified, and it is 
considered possible that the bp ^P term may present some anomalous feature, 
either in the relative magnitude of the intervals of its components or the 
absence or faintness of one line of the group, say, 6s *P8 — bp *Pj as in S III. 
The same difficulty has presented itself in the case of the 5p *P term of As II, 
which has been under investigation by A. S. Rao.* Effective c<nnparison 
the spectra could not be made with either P 11 or S III, as in neither of these 
have singiets or inter-combination lines been identified. However, when the 
spectra of As II and Se III are correlated, the difficulty is overcome if it is 
supposed that, in both these spectra, the intensity of the inter-combination 
line 6«^Pi — 5p'Pi is abnormally large. The magnitude of the intervals of 
the component levels of *P, as well as their ratio, are then mutualfy con- 
sistent with each other. The levels bp ’D and as well as 6p *8 could after- 
wards be easily located, but the level 5p^Pi is yet undiscovered. 

The group of 4d terms may next be considered. All the levels *F *D ’P 
and ^P have been identified. 4d and 4d give fairly strong ocon- 
bination lines with 4p*Pi and fp’Pt respectively and the identification is 
confirmed by the detection of the complete and characteristic moltiplet 

* Zoe, eii., and also ' Oonent Soienoe * (in ikeprm). 
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Table IV.— Multiplets in Se III. 



•p. 

*p. 

•p. 



1741 


t*095 


274924 

273183 

270987 

261892 

148647 I 

* 

124532 (6) 



S04S 





»P, ==148142-6 

126780 (6) 

125040 (4) 

122844 (6) 

113746 (4) 






»P* 144533 0 


128649 (8) 

126454 (7) 

U7367 (3) 

*Pi = 143268-1 

131659 <2) 

129914(1) 

127720(2) 

U8623 (9) 

4r|»P, = 136663-7 


122309 (4) 


111014(1) 

jmp 





•F, = 13440B-8 



121372 (6) 

112274 (3) 

9009^7 





•Ft =» 132306-1 





»F, = 126243 



— 

135643 (7) 

*D, -134284-3 

140639 (6) 

138899 (6) 

136698 (3) 

127606 (3) 




•0, = 136614-3 


137661 (8) 

135466(3) 

126376 (0) 

mi 9 




•D, =» 132909-4 



138070 (9) 

128981 (0) 

D, = 135720-3 


137456 (1) 

« 1 
135261 (3) 

126170 (61 

I*e -= 132608 -2 


140572 (6) 



m-4 




•Pi <= 132166 -8 

[142763] 

141012 (7) 

138816 (6) 

129720 (61 

-M-J 



»P, -= 132217 -9 


140964 (7) 

138764(7) 

— 

>P, = 137977-5 

136939 (2) 

135201 (5) 

133007 (6) 

123910 (61 

183833 

91090 (6) 

89352 (10) 

[87156] 


m3 





»D, - 182201 


90984 (9) 

88788(3) 







•Da ”= 178376 ! 



92613(8) 


»Po 1^2 


104741 (7) 



10P ! 




•Pi ^ 168333 

106592 (6) 

104850 (8) 

102658 (6) 

93557 (1) 


•Pa 


104774 (7) 

102581 (9) 

93482(1) 

« 127105 


146079(1) 

143881 (2) 

134787 (7) 
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Table V. — ^List of Classified Isnes in Be III. 


ALA. (int.). 

1 

ClaiMtifioation. | 

ALA. (int,). 


Otaifti ftoatifmi 

8563*83 

10468*2 


3027*04 (2) 

33020-0 

6»*Pr-6p*B, 

9616-89 

10606-3 

*P,~ 


2965*73 (2) 

33822-7 

4d«F,— »P, 

9288-80 

10762*7 

•P,- 

»D, 

2907-06 (3) 

34389-0 

6«*P,— »D, 

4<J*Fg- «D, 

8243*99 

10814-8 

»P,- 

»I)a 

2787-71 (1) 

36361-2 

9176-60 

8688-60 

881.8-46 

8001 

10895-6 

11506-3 

12025*4 

12485 

»P,- 

•P.- 

»P,- 

*D. - 

•P. 

‘D, 

2693-22(0) 

A vac. 

37119*3 

»F,— 

7852*19 

12671*7 

>D,- 

»D. 

1126*28 (3) 

88788 


776M2 

12881*2 


»D, 

1119-17(10) 

89362 

•Pi- ‘Di 

7348*40 

13602-8 

•P,— 

»Pl 

1099-10 (9) 

909S4 

•P,— •!>. 

7322*22 

18663*3 

•P.- 

“Pi 

1097*82 (6) 

91090 

•Pr- Di 

7243*48 

18801*7 

»D,- 

•D, 

1079-76(8) 

92613 

*P*- •!>. 

7147*68 

13886*8 



1069*72 (1) 

93482 

‘Dr- V. 

7117*81 

14045*2 

•P,^- 

•Pi 

1068-87 (1) 

93557 

*D.- »P, 

7084*62 

14111*2 

•D,- 


974*84 (9) 

102681 

•Pi- •Pi 

7068*54 

14143-3 


‘P. 

974*11 (6) 

102658 

•Pg- •Pi 

6810-80 

14678-3 

»D,- 


9M-74 (7) 

104741 

^1- •P. 

6618-40 (2) 

15116*6 

»Pi— 

•P. 

954*44 (7) 

104774 

•P.- •?• 

6591*40 (8) 

15167*1 

•Pr- 

»P, 

968*74 (8) 

104850 

•Pi- •Pi 

6869-61 (I) 

16720*2 

•Di- 

•Pi 

988*16(6) 

106592 

•Pr- "Pi 

6808*80 (6) 

16869-1 

•D,- 

•P. 

900*79(1) 

111014 


6042-66(6) 

16644*7 

•P|- 

•s, 

890-68 (3) 

112274 

‘Dr- •»■• 

6081*80(1) 

16574-2 


*D, 

879*16(7) 

113746 

ip 

6028-68 (6) 

16596*8 

.p‘_ 

•s, 

852*10 (8) 

117367 

»P, 

5898*11 (5) 

16860-2 


•Pi 

843-01 (9) 

118623 

‘D.- ‘P, 

6885*18(2) 

16987*1 


% 

828-91 (6) 

121372 

•Pr-«*Fi 

5826*96(1) 

17156-9 

ID,- 

*Pi 

817*60 (4) 

122309 

•P,- •Fi 

5784*68(2) 

17282*3 

•D,- 

•». 

814-04 (6) 

122844 

»P,— 5#»Pi 

4973-96 (2) 

20099*1 

»D,- 

•S, 

807*04 16) 

123910 

»p,_4d*P, 

4869*36 (2) 

20530*9 

*D,— 


803*01 (6) 

124532 


4777*07(1) 

20927-6 

ip_- 

‘P. 

799*76(4) 

125040 

•Pi- •?! 

4637*91 (7) 

21555 4 

5<iP,-^ 

•D, 

792*68(6) 

126170 

<Dr-4<2‘D. 

4694*52(1) 

21759*0 


»D, 

791*29(0) 

126376 

ID*— 

4572*29 (8) 

21864*8 


•D. 

790*80(7) 

126454 I 

•Pr-»»*Pt 

4551*13(8) 

21966-4 

4tI>D,— 

'D. 

788*77 (6) 

126780 

•Pr- •?! 

4880*80(0) 

22620-5 

6**P,— 

•D, 

783*66 (3) 

127606 


4322*75 (8) 

23126-9 

»P,- 

•P. 

782*96(2) 

127720 

»Pr-««»R 
•Pi- V, 

4822*22 (4) 

28129*8 

•P,- 

•I). 

777*81 (8) 

128649 

4127*01 (6) 

24223*8 

4«J‘Pi- 

‘JO. 

776*31 (0) 

128981 

>D,— M«I>« 

4046*72 (8) 

24704-4 

e«>p,- 

•Pi 

770*89 (6) 

129720 

»D,- 

3848-62 (5) 

26969-3 

•p,- 

•Pi 

. 769*74 (1) 

120914 

•P,— 5**P, 

3813*05 (2) 

26218*8 

»p,- 

•P. 

759*54 (2) 

131659 

•pi- 

3800*94 (10) 

26301-8 

•p,- 

•D, 

761-84(0) 

133007 

•Pr-W»P, 
•Dr- *X 

3782*53 (2) 

26429-9 

•p,~ 

•lAi 

741-94(7) 

134787 

3738*78(10) 

26739-5 

*p,- 

•Di 

739-64 (5) 

185201 

•Pi— *Pi 

3711*68 (8) 

26934 -3 

.p 

•D, 

739*31 (3) 

186261 

•Pr- *D, 

3637*56(10) 

27483-2 

•p,- 

•P. 

738*18(3) 

135468 

•Pr- •», 

8616 *02 (3) 

27646-9 

‘p,- 

•Si 

737*23 (7) 

135643 

‘Dg- »»* 

3670*22 (8) 

28001-6 

*p,- 

•P. 

781*54 (3) 

136698 

•P,- -D, 

3543*62 (8) 

28211-7 


•D, 

730*25(2) 

136939 

•Pr- ‘P, 

3457*79(10) 

28912-0 1 


•Si 

727-51 (I) 

137455 

•Pi- ‘D. 

3428*39(8) 

29159-9 1 

4d»F,— 

•D, 

726*42 (8) 

187661 

•pI— D. 

3413*83(10} 

29283-4 

T*~ 

•D, 

724-27 (9) 

138070 

•Pg- D, 

3382*41 (6) 

29469*1 

•p.- 

•Di 

720-66(7) 

188764 

•Pg- •?, 

3387*23 (10) 

29514*2 

6»>P,— 

•Dt 

720-38 (6) 

138816 

•Pg- V, 

3379*82 (8) 

29578-9 

%- 

•Pi 

719*97 (6) 

138895 

•Pi- •©, 

3828*18 (5) 

80088*0 


•Pi 

711*38(6) 

140672 

•pj- vi 

3248*06(4) 

30778-8 

•P,- 

>D, 

711*04 (6) 

140639 

•Pg— D, 

8215*28 (6) 

81092-5 

•P,- 

•P. 

709-40 (7) 

140964 

•Pi- •?• 

8185*51 (5) 

31383*1 

4<i'F,~ 

•D, 

708*16 (7) 

141012 

•Pi— •Pi 

3084*27 (4) 

82308*4 

*F,- 

•Pi 

700*61 

[142753] 

•P^ ‘X 

3074-03 (4) 

32521*2 



685*02 (2) 

143881 

3068-93 (6) 
3062*55 (3) 

32546*6 

3264M 

4rf*F,— 

•F,~ 

•D, 

684*56 (1) 

146078 

•Pr- ** 


0 f A between 9568*83 and 6810^80 nre ealoiilated* 
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id •F— 5p *D in the quartz region. The reality of the levela receives farther 
support from their combioations with 5p ’’Pj. y and 5p ^Dg. The term id V 
is found to be partially inverted and, in this feature, is analogous to the iso- 
electronic spectra of Gte I and As II.* One line of the multiplet *P — 4d •P 
is missing, which might throw some doubt on this classification, but the 
detection of 4d®P — 6p®S supports the assignment. A further test of the 
correctness of the levels id ^P and 4d is the existence, though partially, of 
their combinations with the terms of the 5p state. Some of these lines lie 
in the far infra-red, which has not yet been satisfactorily investigated. The 
frequencies of such lines are merely calculated values and are enclosed in 
brackets in Table IV. 

The relative value.8 of the intensities, perhaps, suggest that the levels 4d^Pj 
and id ^P^ should bo interchanged but this would lead to abnormally large 
intervals of the id ®P terms, and the adopted assignment is supported by other 
combinations with the higher 5p term. The identification of id rests on 
a single line v 1356i3, which has been selected from among two or three lines, 
in the proper region, which have not otherwise entered into the scheme. 

As already remarked, a special feature of the analysis is the discovery of 
multiplcts involving a transition of one of the inner electrons. All the lines 
entering into these two groups behave very simUarly under the action of 
difierent intensities of excitation in the discharge tube as well as in the vacuum 
spark. An examination of the plates unmistakably indicated that they 
should form the characteristic multiplets suggested in this scheme. In spite 
of the anomalous intensity of the line *Di — *Pi of the group sp* *0 — ip it 
is believed that the group is correctly identified. It has been difficult, how- 
ever, to detect with certainty, the levels or •« or the singlets, belonging to 
this configuration. Besides the levels included in the above tables, many 
more have been identified, from among lines which could be definitely assigned 
to the doubly-ionized atom of selenium in the region of short-wave-lengths. 
The definite classification of these and the analysis of the spectrum of singly- 
ionized selenium will form the subject of future communications. 

Attention may here be drawn to a very interesting sequencef of the interval 
ratios of the components of the mp ®P terms in the spectra of the t 3 rpe under 
consideration. It will be seen from the following table, which exhibits these 
ratios, that there is a regular departure from the theoretioal ratio 2:1, indicating 
a gradual and progressive change from the normal Russell-Saunders type of 

* Cf, * Free. Pby. Soo.,' vol, 44, p. 846 (1932), alternative ohoioe. 
t This has been kindly pointed oat to the anthors by A. 6. Rao. 
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Table VI. — ^Interval Ratios of mp ’P Terms. 


Spectrum. 

•Pi-'I*. 

-n 'p.-'p. 

*» + ip 

Cl 


1*63 

Nil 

1-68 

1*66 

0 III 

i-m 

1*59 

F IV 

1*75 ’ 

- 

Hil 

1*90 



PII 

1*S4 

3*17 

S III 

1*78 

2*63 

Cl IV 

1-70 


Oel 

1*53 

. 

ar n 

1*39 

1*15 

SellT 

1*26 

0*96 

Br IV 

0*92 

0*96 

Sn 1 

Sb a* 

103 

0*85 



* K. J. Lang (private communioation). 


coupling. Obviously, the ratio diminishes with increasing nuclear charge in 
the case of mp as well as in (m -\-\)p terms.* 

Also the ratio in certain cases becomes even less than unity, so that the 
difference ^Pq — ®P i is greater than — ^Pg. This feature begins to happen 
at the second stage of ionization (i.c., in Se III) in the 5p terms and in Br IV 
even in the 4p terms ; while, in the spectra of the next row of the periodic 
table it is exhibited at the first stage of ionization and, in the lost row, in the 
arc spectrum itself. 

Term Values. 

For the evaluation of the absolute values of the terms, the two members of 
the series 5s ®P — mp ®P and of f>$ have been used. The terms are 
based on the mean value ip ®Po = 274924 thus obtained. The error 

in such an evaluation may, doubtless, be os large as some thousands. The 
degree of accuracy of the absolute values must therefore be taken to be limited 
by this consideration. The largest term ip *Po leads to a value of 33-9 volts 
for the third ionization potential of selenium. The terms obtained, together 
with those of As Ilf and Qe 1% for purposes of comparision, are given in 
Table VIL 

It is seen from Table VII that the value of the terms of the sp® configuration, 

* The value 1*75 in the case of P IV appears to be anomalous ; but the measurement# 
of the difference# are subject to large errors. 

t The term value# here given are partly from xmpublished result# of A. S. Rao. 

% K. R. Rao, ‘ Proo. Roy. Soo./ A, vol. 124, p. 4fi5 (1929). 
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relative to those of 6s or id state, is increasing with increasing ienixation, so 
that, as is evident from the spectra themselves, the multiplcts ip *P — sp ® *P 
and ip ®P — sjj^ ®D are observed more predominantly in So III than in either 
As II or Gre I. As already remarked in a previous paper,* this feature might 
throw some light on the relative importance of the inner electron transition 
when we pass from the arc to the successivt^ly higher spark spectra of the 
various elements. In a normal ** spectrum, it is expected that, of terms 
arising from a given electronic configuration, the separations between the sub- 
levels are small compan^d with those between the different terms themselves, 
A departure from this general rule is observed in the spectrum of As II, as 
well as in that of Se III. The intervals of the 5p ®P term are larger than usual 
so that the level penetrates pailially into that designated as 6p ®D. A similar 
interpenetration of the sub-levels of different terms is evidimt also among those 
arising from the id configuration. Increase of nuclear charge, as might 
generally be expected, seems to favour the occurrence of this feature. Further, 
an examination of the term values of all the spectra that are iso-electronic 
with C I, Si I and Ge I, which have hitherto been investigated, shows that this 
feature appears only in the case of As II and So III indicating, for the first 
time, a definite departure from the characteristics of a “ normal spectrum,” 
even in the relatively simple case of an electron system. 

It is a pleasure to express our deep sense of gratitude to Professor A. Fowler, 
F.R.S., for his very stimulating and continued interest in our work. 

Summary. 

Following the publication of the analysis of the spectra of Se IV and Se V, 
the spectrum of doubly-ionized Se has been investigated with the aid of the 
experimental data available in the previous work. The triplet and singlet 
systems of Se III due to the configurations 4p*, 4p5s, 4p6p, ipid and isip^ 
have been discovered, an important feature being the identification of the 
terms of the last-mentioned state. About 110 lines have entered into the 
scheme ; besides these, lines belonging to a few triplet groups, expected to 
lie in the far infra-red, have been calculated. The absolute values of the 
terms have been determined from two members of a triplet and a singlet series. 
The largest term, ip ®Po == 274924 cm.“*^ leads to a value of 33*9 volts for the 
third ionization potential of selenium. An examination of these term values 
has shown that there is an interpenetration of the sub-levels of terms belonging 
to the id state as well as of those of the 5p state, indicatmg a definite departure 
from normality even in the relatively simple case of an electronic system. 

* K. R. Kao, ‘ Proo. Roy, Soo.,’ A, vol 126, p, 238 (1929). 
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Measuremeyxis, Part VI . — The Distr ibution of Corrosion. 

By G. D. Benoough and F. Wobmwkll. 

Communicated by Sir Harold Carpenter, F.R.S.— Received November 25, 1932.) 

[PlJkTKS 4-6.] 

In previous parts of this research it has been shown that the rate of oxygen 
supply to the whole metal surface is the factor which generally controls the 
rates of corrosion of zinc and mild steel in the conditions studied, though other 
factors may affect them appreciably in special conditions. Such factors are 
the evolution of hydrogen and the formation of protective films or masses of 
corrosion products which may result from increased alkalinity, or other causes. 
Neither the basic potential of the metal nor the conductivity of the electrolyte 
exercised control over a wide range of salt concentration. Corrosion dis* 
tribution was at first sporadic but was soon concentrated at a few large 
irregularly shaped areas. 

For many purposes distribution is more important than the total amount 
of corrosion, especially when it is so localized as to be called pitting. The 
irregular distribution of corrosion was formerly believed to be caused by 
chemical and physical heterogeneity of the metal, but differential aeration is 
now usually believed to be a more frequent cause of local corrosion and this 
view was accepted in Parts I to III of this research. 

The matter was first studied in detail by J. Aston,* who showed that areas 
on the surface of iron and steel which were covered with wet rust were anodic 
to the surrounding metal. McKayf followed up Aston's ideas, and U. E. 
Evans and his associates^ have studied the differential aeration produced by 
partial immersion of metals in stagnant solutions. Most of their experiments 
have been carried out for short times, such as a few days, and only give 
information about the initial stages of corrosiom 

* ^ Trans. Amer. Eleotroohem. Soo.,’ voL 29, p. 449 (1916). 

t * Ind. It Eng. Chem.,* vol 17, p. 23 (1925). 

I * J. Inst. Met./ vol. 30, p. 261 (1923), and many other papers, the most recent of whioli 
aie by £van% Bannister and Britton, *Proo. Boy, Soo./ A, vol. 131, p. 355 (1931), and 
Evans and Hoar, ibid., vol. 137, p. 343 (1932). 
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Herzog and Chaudron,*'' using an extreme method of dijSerential aeration, 
associate themselves with Evans’ views ; Bengough, Stuart and Leef at first 
aocepted the idea that zinc corrosion products would act as oxygen screens and 
80 build up potential differences that would localize corrosion, but in later 
papers this view was rejected 4 

It is generally agreed that the unattacked, or lees corroded, areas of zinc 
and iron specimejns in alkaline chlorides are wholly or partially protected by 
a film ; this was originally thought to be formed by direct oxidation, but most 
authors now regard it as maintained by precipitation of hydroxide or hydrated 
oxide or carbonate. Evans explains its formation, on differentially aerated 
specimens, as duo to the larger local oxygen supply which reacts with the 
hydrogen displacjed by metal corroding elsewhere, and so causes a relatively 
high concentration of alkali ; consequently any metal entering solution through 
the porous in an air-formed oxide film formed by direct f>xidation is instantly 
precipitated. 

On totally immersed specimens a starting point of the differential aeration 
process of corrosion is often considered to be the relative absence of oxygen 
from the inside of pits, poras, cracks or crevices in or between metals. Speller§ 
says ** the variation in the concentration of dissolved oxygen on the surface 
of the corroding metal is perhaps the most active cause of pitting.” 

The “ differential aeration principle ” has been freely used to explain cor- 
rosion in industry. 1 1 Montgomerie and Lewis, ^ in a paper on corrosion in the 
hulls of merchant vessels, say “ intensity of corrosion occurs in those parts 
where a patch of rust prevents access of oxygen to the material beneath. Such a 
part becomes anodic to the surrounding structure and wastage goes on with 
increasing rapidity as the area of the part is circumscribed, resulting in the 
pitting so frequently observed. The paradoxical fact has, therefore, to be 
aocepted that, while a fcee access of oxygen’ is necessary for the continuance of 
the corrosive action, the most intense corrosion occurs on those parts of the 
metal where access of oxygen to the surface is least.” 

The present paper is an attempt to estimate the limits, if any, within which 

♦ ‘ C. E. Acad. Soi. Paris,* vol. 192, p. 837 (1931) ; Chaudron, * Chim. et Ind.,’ vol. 26, 
p. 278 (1931). 

t * Proc. Roy. Soo.,* A, vol. 116, pp. 429, 468 (1927) ; voL 121, p, 116 (1928). 

J Bengougli, Lee and Wormwoli, ‘ Proc, Roy. Boo,/ A, vol, 181, pp. dl(HSI7 (1981) ; 
vol. 134, p. 821 (1931). 

{ Oarrosion, Causes and Prevention ” (1926), p. 364, MoGraw Hill Book Oo. 

d Evans, ‘ J. Inst. Metals/ voL 46, p. 22 (1931). 

H Institution of Engineeni and Bhipbuiklers in Scotland, 1982. 



401 


The Theory of MetaUic Corrosion. 

the differential aeration principle holds.^ Three of the supposed most 
important methods of producing differential aeration sufficient to affect 
corrosion distribution have been used, namely, partial immersion, deposits of 
corrosion products and neutral bodies, and crevices. 


WATER 
LtNEr* " 


I. Effect of Partial Immersion. 

Evans and Hoarf have shown that almost the whole of the hydrogen de- 
polarization at a partially immersed steel surface takes place over a band 
2 mni. in depth at the water-line (in 4 cm. diameter vessels) and could find no 
oxygen in the solution below ; this puts Cobb’s early observation^ on a 
definitely quantitative basis. Evidently a very high degree of differential 
aeration occurs and conclusions based on partial immersion experiments 
should bo applied with caution when the 
degree of differential aeration is either unknowm 
or probably small. 

A typical experiment used by Evans to 
demonstrate the effect of differential aeration 
was partially to immerse thin sheet iron or 
steel (ground on No. 1 emery paper) in KCl 
solution in a vessel of 4 cm. diameter. Cor- 
rosion normally began on the three immersed 
edges and spread upwards and inwards as 
shown in fig. 1. The upward spreading was 
explained by the gradual exhaustion of oxygen 
from below upwards, and the screening effect 
of the rust formed by corrosion. In the short 
experimental periods studied a considerable area 

remained uncorroded. Evans and Hoar showed that in constant temperature 
conditions the current passing between the attac^ked and unattac^ked areas 
corresponded reasonably closely with the amount of anodic corrosion that 
occurred during two days. 

Experiments have been made by us to ascertain the persistence and down- 
ward extension of the protected areas of half-immersed specimens. Emery 



Ideal distribution in kci 

(U.R. EVANS^ 

Fig. 1. 


* See Monypenny, Stainless Iron and Steel,” p. 255, 2nd ed. (1931) (Chapman & Hall), 
for a statement from the point of view of a metallurgist, 
t * Froc. Boy. Soc„ ' A, vol. 137, p. 343 (1932). 

} ‘ J. Iron Steel Inst., * vol. 83, p. 174 (1011). 
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polished sheets of rolled copper'-free mild steel and Anaconda ” zinc* were 
cut into strips 15 cm. X 2 cm. ; one piece of the steel was marked on one aide 
with a series of deep horizontal scratches and all four were degreased in carbon 
tetrachloride and weighed. They were then l)img vertically on glass hooks 
in N/2 NaCJ in the authors' simple type of (dosed vesself containing oxygen, 
and maintained at 25° C. ; a length of about 12*5 cm. of each specimen was 
immersed. The pressure in the vessel fell owing to absorption of oxygen 
but uus brought back to 760 win. every 3 or 4 days. 

Corrosion started along the cut edges of both steel strips, and at the end of a 
few hours was observable right round the three immersed edges. At the end of 
28 and 139 days the specimens were* removed and photographed, figs. 2 to 4, 
Plate 4. Protec; tion was apparently complete near the centre of the specimens 
down to a depth of at least 10 cm. Corrosion had spread nearly to the centre 
of one fa(;e of each of the speivimens, while elsewhere it had formed a narrow 
irregular band 3 or 4 mm. wide, extending right up to the water-line where a 
pit oc(;urred, fig. 4. In many places abrupt changes in the amount of corrosion 
occurred where there was no corresponding change of accessibility to oxygen. 

The length of liquid path between the most deeply immersed corroded area 
and the cathode (strip along water-line) was at least 10 cm., whereas it was only 
1 or 2 cm. for other equally corroded areas ; hence electrolytic resistance is 
not a factor which controls distribution in the conditions obtaining ; moreover, 
the total corrosion was similar to that on a specimen of th<» same width but 
with only 3 * 5 cm. immersed. 

The two zinc strips were tested for 25 and 72 days and photographed, figs. 

5 and 0, Plate 4. Almost unattacked areas occurred on both sides of the strip 
tested for 25 days, the two largest areas being situated just below the water- 
line, fig. 5, but most of each surface was attacked and specially heavily near 
the top of the specimen. No unattacked areas existed on the specimen tested 
for 72 days, fig. 6, and the most intense attack o(;curred at the water-line, along 
which the specimen had been punctured ; there were several pitted areas 
scattered about the surface. It was evident that the distribution of corrosion 
had been controlled partly by the oxygen supply (in the sense that there was 
most corrosion where most oxygen reached the metal), partly by films of cor- 
rosion products which had given varying degrees of protection, and partly 
by preferential attack on the edges ; clearly the ‘‘ differential aeration prin- 
ciple " must be strained to breaking point to interpret these facts, 

* Analyaee and other details of the metals used in the researoh are given in the Appendix, 
t ‘ Proc, Roy. Soo„ ’ A, vol, 181, p. 496 (1931). 
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On the thin strips of emery-gronnd metal used by Evans and by ourselves, 
corrosion normally begins at the edges which cannot be made physically exactly 
like the faces. Thicker specimens, either turned or milled, can be made more 
nearly alike on all surfaces, and there is then less tendency for corrosion to begin 
at the edges. Fig. 7, Plate 4, shows the distribution on a vertical specimen 
of mild steel, 0*4 cm. thick, 2*0 cm. wide and 5-0 cm. long, prepared on 
a milling machine, with 3*0 cm. immersed in N/2 NaCl in our standard vessel 
at 25^ C., beneath an atmosphere of purified air ; corrosion began along one 
edge only and gradually spre^id downwards and inwards till, at the end of 206 
days, it covered the area shown ; part of the bottom edge of the specimen was 
protected. Evidently differential aeration had again not been the sole deciding 
factor, since a part only and not the whole of the bottom edge of the specimen 
had been attacked. Fig. 8, Plate 4, shows a specimen from a similar experi- 
ment, but in a vessel with a diomf^ter of 12*5 cm. Corrosion started on one 
side near the centre of th(i specimen and spread outwards and downwards 
and reached the bottom edge ; on the other side corrosion was confined to a 
very narrow strip near the bottom. Fig. 9, Plate 4, shows that part of even 
the bottom edge of another specimen was protected for the whole period of an 
experiment, f.c., 50 days in N/2 NaCl and oxygen. Fig. 10, Plate 4, shows an 
emery-ground specimen wholly immersed in N/10 KCl with the top edge 1 • 5 cm. 
below the liquid surface, A bright unattacked area strctcdied from the top 
to the bottom of both sides of the specimen, the rest of which was attacked ; 
a second experiment showed a similar result. Thus differential aeration has 
ceased to decide the distribution of corrosion even at this shallow depth. 

N/2 calcium and magnesium chloride solutions tend to creep up the surfaces 
of partially immersed steel specimens even in constant temperature con- 
ditions, and the most severe corrosion in oxygen often takes place at the wetted 
areas well above the obvious water-line, that is, at the most aerated part-, as 
shown (for magnesium chloride) in fig, 11, Plate 5. With magnesium chloride 
there is a narrow protected band, a millimetre or two in width, at the top of 
the visible meniscus, but below this the attack is general over the whole surface 
of the specimen. The probable reason for this is that the low solubility of 
magnesium hydroxide only allows sufficient alkalinity to afford protection 
quite close to the water-line. The distribution on the immersed surface in 
calcium chloride more nearly resembles that in sodium chloride, evidently 
because of the higher solubility of the hydroxide. 

The distribution in sea-water beneath oxygen or purified air, fig, 12, Plate 6, 
somewhat resembles that in magnesixun chloride. A mass of hard dense black 
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and white product forms at the water-line and adheres strongly to the metid, 
spreading along the liquid surface similarly to fig. 22, Plate 6. Underneath this 
there is a narrow protected area 1 or 2 mm. wide. The whole of the rest of the 
metal surface is attacked. It is possible that the well-known buffering action 
of sea-water prevents rise of alkalinity to a value sufficient to give protection 
except at the very narrow ;50ne mentioned. If this zone be the main cathode 



Fio, 13. — Oorroaiou of standard steel; partially immersed. 

of the specimen it follows that the heavy deposit of corrosion product has but 
a very slight screening effect against oxygen, for the oxygen/time curve of 
this speciimen was nearly linear as shown in fig. 13 {F.S.80). This is also true 
for a specimen exposed to convection currents obtained by repeating the last 
experiment on a laboratory bench (see F.S.97, fig. 13). In ordinary service ” 
conditions even these narrow protected zones are usually obliterated owing to 
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the destruction of the protective film by alternate wetting and drying, and 
heavy water-line ” corrosion occurs at the most highly aerated region of the 
metal. 

Experiments were (tarried out with milled mild steel specimens partially 
immersed in N/2 NaCl, or tap-water for 66 days, and exposed on a laboratory 
bench- Corrosion occurred all over the immersed surfaces in N/2 NaCl right 
up to the water-line, fig. 32, Plate 6 ; in tap-water the result was similar 
except that a band about 2 mm. in depth was protected at the water-line. A 
specimen of sheet zinc partially immersed in N/2 NaCl for 55 days was attacked 
most in the neighbourhood of the water-line with one or two protected areas 
much lower down. 


It is now dear that the simple distribution of corrosion shown in fig. 1 
cannot be regarded as typical even of lialf immersed conditions ; moreover, 
it is easily upset by movement of solution and 
by other physical means. A hole was bored o 

through a steel specimen in such a position that 
it would normally be in the protected area of a 
partially immersed specimen; corrosion began water 
round the hole and spread downwards as shown 
in fig. 14 ; after a time, however, corrosion 
spread upwards to areas of high oxygen supply M 

at and above the water-line as shown in fig. 14a, ^ 

Plate 5. A similar rasult is sometimes due to 
a short deep scratch, or to some other physical ^ 

or chemical peculiarity of the metal itself, which effect of hole 

causes it to be locally reactive and to pass 
into solution preferentially. The downward 

spread of corrosion appears to be a gravity effect. Concentrated metallic 
chloride solution formed at a reactive area tends to fall and neutralize the alkali 


beneath it ; since protection is due to alkalinity, corrosion would tend to occur 
below the active area owing to the continual neutralization of alkali by the 
downward streaming metallic chloride. No doubt some alkali also falls, but a 


thin film of it can be shown by indicators to spread over, and cling obstinately 
to, metal surfaces, probably owing to surfac’e tension factors. Distribution of 
corrosion may therefore be considered on the basis of a general tendency for 
metallic chloride to sink and alkali to spread over the whole surface of the 
metal, but at and below corroding areas it may be considered to be neutralized 
by reaction with metal ions. Any slight upward spreading from a starting 
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point is probably due to diffusion and convection acting against gravity. If 
this be a correct explanation, differential aeration will sometimes apparently 
be the deciding factor, because the distribution of greatest aeration and greatest 
alkalinity happen to coincide. 

The two factors can easily be separated by inverting the oxygen supply so 
that it takes place from below upwards as shown in fig. 15. The maximum 
aeration will now occur at or near the I)ottom of the specimen which should 



PRINCIPLE OF INVERTED EXPERIN4ENT. 
Fig. 16. 


be protected on the differential aeration theory, but attacked on the view 
suggested above. 

Fig. 16, Plate 5, shows that the aerated bottom of a steel specimen tested 
in N /2 NaCl for 10 days at 25"" C is attacked and the less aerated top protected 
(compare with fig. 14). Several other specimens tested for periods up to 35 
days showed sinailar results, i.e., the attack started at the hole bored to take 
the glass suspension hook, and as usual, spread downwards, notwithstanding 
that this is the direction of greater oxygen supply. 

Other experiments were carried out under the ordinary conditions of a 
laboratory shelf ; results are shown in fig, 17, Plate 5, which gives photos of 
portions of a specimen immersed for 130 days in N/2 NaCl, and fig, 18, Plate 6, 
of a specimen in sea-water for 101 days ; the less aerated top portions are 
almost completely protected. 

In N/2 NaCl and equilibrium water the amount of corrosion decreased 
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steadily from the bottom to the top, la the sea-water the whole of the top 
three-quarters of the specimen was well prote(;ted> together with a small area 
round the bottom edge of the specimen. Tap- water showed a similar result, 
but the corrosion was rather more widely disseminated. 

If the distribution of alkali, and not necessarily of oxygen, be the controlling 
factor in the distribution of corrosion on zinc and mild steel, then a solution 
buffered so as to prevent local rise of alkalinity should cause corrosion to spread 
over the whole metal surface, provided that the electrolyte resistance is in- 
sufl&cient to affect the result. Tests were made with N/2 NaCl saturated with 
boric acid as a buffer and the whole brought to 7 witli a little NaOH. 
Standard steel specimens wholly immersed in this solution were attacked all 
over tlieir surfaces, and partially immersed milled strips over the whole of the 
immersed surface. 

The above explanation seems to ai;count satisfactorily for the spreading of 
(corrosion over the surfaces of partially immersed specimens of zinc and mild 
steel without having recourse to the hypothesis adopted by Evans* and many 
others that precipitated corrosion products act as oxygen screens. 

The conclusions to be drawn from the partial immersion experiments in 
chloride solutions and from previous work, seem to be : — 

(1) Zinc and mild sted of the types used in this research tend to pass into 
solution slowly and sporadically over the general surface, but more 
quickly at reactive places such as edges, bored holes, tiiars and burrs, 
crystal boundaries or chemically specialized areas. 

(2) The intense aeration whicli characterizes a water-line produces, in some 
solution, a relatively large local supply of alkali which tends to sf)read 
over the whole surface of the metal and, where concentrated, to stop 
corrosion. 

(3) This alkali is neutralized by soluble metallic salts at and below reactive 
places, and corrosion continues in their neighbourhood because the 
alkali concentration is kept sufficiently low. The downward spreading 
of corrosion from any starting point comes about through the tendency 
of heavy metallic salts to fall and so depress alkalinity, which can only 
be reinforced from above. 

(4) Since the alkali is specially produced near a water-line, protection will 

tend to be greatest there, but the relatively slow initial sporadic cor- 


* Britfcon and Evane, ‘Trans. Eleotrochem. Soc.,’ vol. 61, p. 445 (1032). 
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rosion will often be stopped far below the watet'line, even where there 
is little or no oxygen in solution. 

(6) The protection aSorded near the water-line by alkali is most definite in 
constant temperature conditions, but even in these is only temporary 
with zinc, though prolonged with mild steel ; even with the latter it 
is often confined to a narrow band a millimetre or two in width. The 
distribution of corrosion shown in fig. 1 is exceptional and favoured by 
constant temperature, the method of preparing the metal, stagnancy 
and a narrow vessel. The nature and concentration of the electrolyte 
and the nature of the atmosphere may ajffect the distribution. 

(6) In ordinary conditions of exposure to the atmosphere, active corrosion 
often occurs at and about the water-line ; this is due to the breakdown 
of the protective film by wetting and drying and by the action of CO* 
and other acid gases in the atmosphere. 

(7) Protection near a water-line or elsewhere may fail locally after a time 
owing to surface tension or other factors. The rate of local corrosion 
will then be enhanced by the rate of oxygen supply to the surrounding 
film-covered metal. If the failure remains localized, intense pitting may 
result, but local failure may spread towards both more and less aerated 
regions, even in strongly alkaline conditions. 

(8) If alkali concentration be kept low and nearly uniform, corrosion is 

widely spread and intense pitting is unlikely to occur ; the distribution 
of oxygen does not appreciably affect the distribution of corrosion on 
small or moderately sized specimens in N/2 NaCl, because the electrolytic 
resistance between different parts of such specimens is not a controlling 
factor. 

(9) Factors which affect the distribution of alkali and the adhesion of the 

film formed in it will decide the distribution of corrosion. Differential 
aeration is only one of several of these factors. 

11. Effect of AccumuUtion of Corrosion Products amd Foreign Bodies. 

It has generally been assumed that differential aeration sufiScient to affect 
oorrosioti distribution can be produced by local accumulations of corrosion 
products such as magnetic and ferric oxides and zinc hydroxide. The physical 
condition of such substances is often different at attacked and protected 
areas. 

Effect of Corrosion Products at Protected Areas, — It is generally believed that 
the clearly defined protected areas of mild steel and zinc, such as occur in the 
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early stages of experiments on both half-immersed and fully-immersed speci- 
mens in N/2 NaCl, owe their protection to films which consist mainly of a 
spef^ial form of hydrated ferric oxide or zinc oxide. With steel the films are 
often invisible but sometimes of a blue or brownish colour, and the protection 
holds good for long periods ; with zinc the films soon become obvious, thicken, 
change colour and finally lose adhesion and protexitive properties. 

The fact that the films prevent or lessen corrosion in the presence of oxygen, 
which may be used for corrosion elsewhere, suggests that protection is due to 
the waterproofing properties of the films, that Ls, metallic ions cannot penetrate 
them at all, or only slowly, and dissolved oxygen cannot reach the metal l)eneath, 
Actually there is no “ aeration of tlje tmlal in these protected areas ; oxygen 
only reaches the outside of the protective film. The corrosion paradox, which 
is so often cited in expositions of the differential aeration theory, does not 
exist ; the fact is that, metal enters solution where there is no protective film, 
irrespective of whether the oxygen supply reaches that particular area or only 
the outside^ of a neighbouring film which allows the passage of electrons but not 
of ions. An isolated film failure at a spot in a highly aerated region may give 
rise to intense local corrosion, provided the new pretupitated corrosion prodin^t 
is of a suitably [)or()UH type. The presence of the film-— not differential aeration 
per se — ^is actually the cause of the intense action since oxygen, over it cannot 
be used by the metal benmth it, and is therefore available to reinforce any that 
actually reaches the unprotected spot. The total amount of corrosion is 
determined by the tot.al oxygen supply, and is not affected by the distribution 
of oxygen. Pig. 19 shows curves for two standard steel specimens, F.S.99 
wholly immersed in (3N/60 KOH + 2N/50 KCl), and F.S.5 in N/lOKCl. 
They are quite similar, though the steel in the former is only attacked at a few 
places (the attack generally originated at glass contacts) as shown in fig. 20, 
Plate e, while in the latter the attack gradually spreads over the whole surface 
of the metal. Fig. 21, Plate 0, shows the accumulation of corrosion products 
round the supporting glass points ; also that they are hard enough to lift the 
specimen off a point, though in the absence of excess alkali they remain quite 
soft for long periods. 

The greatest depth of penetration into specimen F.S.99 in the alkaline solu- 
tioa wag 3*2 mm., at other parts 2*9, 2-0, and 0*9 mm. The deepest 
penetration on a specimen in N/10 KOI for a similar time (120 days) was only 
0*11 mm. 

It sometimes happens that the cathodic product in partially immersed 
specimens is not exclusively in the form of a film, but massive and non-pro- 
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tective. A machined specimen of standard steel was partially immersed m 
sea-water in an oxygen atmosphere for 210 days at 25*^ C. It was then roughly 
dried and photographed, fig. 22, Plate 0. The whole of the immersed surface 
was attacked, except a narrow band about 2 mm. wide which was either at, 
or just above, the obviously wetted part of the specimen. This band became 
covered with a hard “ collar of corrosion product containing iron oxides 



Fio. 10- Curvcfj for F.8.99 and P.S.5. 

and white magnesium and, possibly, calcium compounds. The corrosion rate 
fluctuated somewhat as usual with sea-water, as shown in fig. 13 (F.S.80), but 
at the end of 200 days corresponded to 2-5 c.c. of oxygen per day as compared 
with 2»4 c.c. for the first 40 days ; evidently the screening effect produced by 
the building of this great mass of corrosion product was negligible. 

Effect at Attacked Areas . — In chloride solutions the corrosion products at 
or near attacked areas occur generally as opaque loose masses, which may 
coagulate and harden in time. They permit the passage of metallic ions, 
otherwise corrosion would cease, but the question arises whether they screen 
off oxygen from the metal beneath. Aston, Evans and most writers who 
attach importance to differential aeration assume that they do so, but this 
assumption requires a very delicate selective property of the screen. Our 
own tests with zinc and steel often point in the opposite direction, and our 
evidence Is provided by the form of the oxygen absorption/time curves in 
immersed conditions, such as those given in fig. 28 for mild steel and zinc in 
N/IO KCl. 
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The high corrosion rate during the first few hours, when the curve was 
parabolic, was probably owing mainly to the fact that the solution was initially 
saturated with oxygen, the concentration of which must steadily have fallen 
owing to corrosion and only slow replacement by diffusion and convection 
from the surface. An equilibrium value for the oxygen supply was reached at 
the end of about 3 days and maintained for 17. Except during the first few 
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Fig. 23.“Oorro8ion in N/10 KCl under oxygen : zme and mild steel. 


hours it never reached the value of 1*6 c.c. per day, charEicteristic of zinc in 
precisely similar conditions, and it might be thought that this difference was 
due to the oxygen-screening action of the accumulations of black magnetic and 
brown ferric oxides. These gradually covered the specimen and in less than 
200 days both corroded and uncorroded areas were completely hidden. In 
spite of the building up of thick masses of oxides the oxygen absorption curve 
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either remained linear or actually increased in slope as shown in fig. 23 ; only 
after about 600 days did the slope begin to decrease. 

it has been found that the black magnetic and ferric oxides can be removed 
from the metal surface fairly completely by shaking in the early stages of the 
experiment ; the slopes of the curves were not altered for more than a day by 
this procedure ; the temporary alteration was. of course, due to induced con- 
vo(!tion currents. 

A curve for piurified iron showed similar results, though the increase of slope 
after about 200 days was not quite so great as with steel. Other specimens in 
stronger solutions gave either constant or increasing slopes after the specimens 
had become completely covered with ferric and magnetic oxides. 

It seems clear, therefore, that for about 600 days oxygen can readily penetrate 
thick masses of the two oxides, and that their efiect on the rate of oxygen 
supply to the metal must be negligibly small when this rate is of the order 
that commonly occurs in corrosion experiments in stagnant solution. More- 
over, the settling of oxides on protected areas does not set up corrosion by 
differential aeration or otherwise. Similar results have already been recorded 
for zinc,* 

The criticism has been made that tlie conditions in our experiments at 
constant temperature are characterized by very slow but uniform supplies of 
oxygen to the metal, and that though the oxides mentioned do not form 
effective screens in our conditions they would do so with more irreg\dar and 
rapid supplies. Since our specimens are suspended horizontally we do not 
agree that the oxygen supply is uniform over the whole metal surface, but the 
two points raised were tested directly by placing standard corrosion vessels 
on the laboratory bench where they were affected by temperature and pressure 
fluctuations and slight draughts. In such tjonditions convection currents 
are set up which increase the rates of oxygen supply and absorption. The 
daily oxygen readings fluctuated rather widely and the average readings for 
corrosion in N/2 KCl and N/10 KCI for each period of 10 days are plotted in 
fig. 24. It will be seen that the curves are approximately linear and there 
is no sign of any gradual fall in corrosion rate as the magnetic and ferric oxides 
accumulate on the metal surfaces. Chappell has obtained similar lineur 
results with vertical steel specimens in sea-water, and Heyn and Bauer in 
distilled water, both authors using loosely covered beakers exposed on a 
laboratory bench. 

It should be noted that the corrosion products in our experiments (mainly 
* ‘ Proc. Roy, Soc.,* A, vol. 131, p. 49i (1981). 
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ferric and magnetic oxides) are similar to those usually found in ordinary 
experiments in open beakers and in many conditions in which corrosion occurs 
in practice, except for the presence of COg. Since such precipitated corrosion 
products are sometimea unable to act as oxygen scireens, the opposite assump- 
tion should not be made in the absence of direct evidence, particularly since 
the assumption is not essential for an explanation of corrosion distribution. 



A striking illustration of the ease of penetration of oxygen through oxide 
masses is afforded by the behaviour of a specimen tested at 25*^ C. in N/10 KCl in 
a vessel 14 • 4 cm* in diameter beneath an atmosphere of oxygen. The specimen 
soon became completely covered with mixed oxides so that it could not be 
seen, yet the rate of oxygen absorption which was at first rather less than 
3 c.c, per day, rose gradually to 6 c.c. per day at the end of 134 days, that is, 
more than seven times the usual rate in a standard vessel at a similar period ; 
the curve is given in fig. 26 (F.S. 88). 

Aston in his original paper on differential aeration found that filter paper 
appeared to cause corrosion of the underlying metal and he assumed that both 
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it and iron oxides screened oxygen from the metal. To test this we have 
completely wrapped a standard specimen of steel in at least one thickness of 
filter paper which was tied on with cotton ; an oxygen absorption/time curve 
in N/10 KCl was then taken in a standard apparatus. The curve and that of 
a freely exposed specimen are shown in fig. 26 and are closely similar for the 
first 50 days, so that the oxygen screening effect of the paper must have been 
negligible. Much corrosion product found its way through the paper and 
completely covered it. After 50 days the oxygen absorption rate actually 
increased, probably owing to the steadily increasing rate of hydrogen evolution 
causing a stirring of the liquid ; this is an interesting instance of a “ neutral ” 



TlMt IN DAYS 

Fio. 25. — Curves for F.S.88 and F.S.65. 

foreign body greatly increasing the corrosion rate in a hitherto unsuspected 
manner. The experiment was repeated with a similar result. 

Fine washed silver sand has a somewhat different effect from filter paper. 
If a standard steel specimen be embedded in it to a depth of 1*5 cm. and 
immersed at the usual depth in N/IO KCl at 25®, it will corrode much more 
slowly than in the absence of sand, though the rate of hydrogen evolution is 
notably increased (c/, curves in fig. 27 with F.S.6 of fig. 26). The slower rate 
of corrosion is probably due to interference with convection and the diffusion 
of oxygen and ions to and from the metal. If a piece of steel of the dimensions 
5 cm. X 2 cm. X 0*4 cm. be half embedded vertically in the sand so that its 
top be 1 *6 cm. below the surface of N/10 KCl, contained in a standard sized 
vessel exposed to the laboratory air, the general expectation would be that 
differential aeration would cause the embedded part to corrode fast relatively 
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to the top part, which shotild be protected. Actually corrosion occurred on 
both parts for a day or two, after which it almost ceased on the embedded 



Fio. 26. — Curves for F.S.03 and F.S.6. 



part but was quite active on the exposed part of the specimen. At the end of 
60 days the attack on the embedded part was scarcely noticeable, but else- 
where relatively severe, as shown in fig. 28, Plate 6. The experiment was 
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repeated with a similar result. The specimens used had holes bored throi^h 
them near the top and it was thought that these might have caused the corrosion 
in the neighbourhood, consequently a third experiment was made on an unboted 
specimen, but the result was again similar. 

The initial apparent differential aeration effect which occurred in all the 
experiments was probably owing to the sand preventing the formation of a 
protective film on the embedded surface. Sand has been observed to act in 
this way even in fairly strongly alkaline chloride solutions which are usually 
protective. 

Two more experiments were carried out with standard steel discs arranged 
horizontally ; one of them was embedded in silver sand up to one-third of the 
thiokness, the other was arranged just clear of the sand, which would thus cut 
out any convection currents which would otherwise reach the bottom surface. 
The specimens were then covered with N/10 KCl to the standard depth and 
exposed to laboratory air and temperature fluctuations. At the end of 109 
days an examination of the specimens showed that little or no corrosion had 
occurred on the bottom (partially shielded) surfaces and far more on the top 
and aides which were freely exposed to oxygen. 



"specimen hale -embedded in sand 
29. 


A vertical specimen half embedded in sand was tested at 26® C. in standard 
conditions in an oxygen atmosphere. At the end of 34 days most corrosion 
had occurred on the embedded part (fig. 29) ; a similar resiilt was obtained with 
air freed from acid gases, but the reverse effect was obtained with ordmarjr 
air. Evidently the balance is somewhat delicate but biassed in one direction, 
in ordinary air, and in the other by purified air and oxygen. 
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Further experiments conducted under non-constant temperature conditions 
showed that a mixture of purified air and CO 2 behaved like atmospheric air. 
Purified air mixed with a trace of SOg (6 parts in 10 imllionfl) gave results 
which seemed to be determined mainly by factors connected with the metal 
surface ; thus a thin emery-ground specimen, with cut edges, gave most 
corrosion on the exposed parts, but a standard milled specimen was corroded 
only on the embedded surfaces. The explanation of these results seems to 
be that the distribution of corrosion is determined by the greatest diflereni'n 
of potential that can be set up between any two parts of the specimen. Some- 
times this will be between two parts of the exposed surface, and sometimes 
between the embedded part as a whole and the exposed surface. The preseruje 
of CO 2 tends to destroy protection on the part exposed to oxygen, which 
therefore becomes the most corroded. 

An experiment was carried out in pure oxygen with only the top of a hori- 
zontal steel disc exposed at a depth of ()'3 cm, below the surface of N/10 KCl 
in a standard apparatus at 25‘\ The bottom and sides w^ero protected with 
wax. The corrosion rate corresponded at first witli about (;.e, of oxygen 
per day, but steadily fdl ofi till aft(u G1 days it was only 2 c.c. per day. Much 
of the surface of the specimen was protected, but pitting, fig. 30, Plate fi, 
occurred beneath hard mounds of corrosion product. Tluise somewhat 
resembled those formed in very dilute solutions in presence of oxygen (but not 
of air). The fall in corrosion rate is evidently duo to changes affec’t- 
ing the corroded areas, since the protected (cathodic) areas remained 
bright and freely exposed to oxygen ; nearly all the ferric oxide either 
attached itself to the glass stand or fell to the bottom of the vessel. 
Probably the hard mounds of oxide which formed over the attacked areas 
acted as oxygen and ion screens, and so caused anodiii polarization which 
steadily cut down the corrosion rate. Thus the concentration of the solution 
and the purity and amount of oxygen supply may determine whether or not 
the corrosion product will form oxygen screens. Since the distribution of the 
pits was related to the position of the central capilhiry and glass uprights, it 
may be that surface tension factors also affect the corrosion products. In 
crevices left by the wax only slight corrosion occurred. 

Keference has been made above to the depression of the slopes of the iron 
curves in N/10 KCl below those of zinc ; if, as we assert, this be not owing to 
accumulation of magnetic and ferric oxides, it is still possible that it is owing 
to a precipitated film of ferrous material formed right at the anode. Such a 
layer might act as a mechanical obstructant to iron ions entering the solution 
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and so depress the corresponding rate of oxygen absorption. The corrosion 
Itrooess would then bo under anodic oxygen control, which might be exerted 
through t he rate of oxidation of the layer. 

This view receives support from the fact that the rate in N/10 KCl, though 
much higher initially than that in N/10, 000 KCl, falls off much more rapidly, 
and after 48 hours is less than the rate, in the dilute solution, fig. 31. This 
suggests that in N/10 KCl the rapid initial corrosion builds up a film of corrosion 
products which produces some form of anodic polarization. This layer may 



Fio. 31.— Curves in N/10,000 and N/10 KCl for 72 hours. 

only allow the entrance of iron ions into solution at a rate determined by its 
own rate of oxidation to higher oxides of a non-protective type. The main 
effect, therefore, of the ferrous film would be to depress the local corrosion 
rate, and not to maintain it owing to an oxygen screening effect. 

Experiments were tried in which specimens, which had been corroded in 
a standard corrosion apparatus for 70 and 76 days, were heavily brushed with 
a hkrd brush on the top surfaces and sides. The apparatus was resealed and 
the experiment continued. No important increases in corrosion rates were 
observed except for the first day or two and these were perhaps caused by 
the disturbance of the temperature conditions. Other specimens were 
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removed from the thermostat and shaken so as to remove corrosion products 
at the end of various periods up to 473 days ; the results were similar. 

The experiments show that if a film exists it must be formed completely in 
a day or two, after which its rate of formation is balanced by its rate of destruc- 
tion by oxidation, which in turn is dependent upon tlie rates of oxygen supply 
and reaction with the ferrous film. 

The fall in the rate of oxygen absorption after about 600 days, as shown in 
fig- 23, was investigated by opening the corrosion vessel and removing the 
corrosion produtsts by means of a glass rod. It was found that a brittle crust 
had been formed since an observation at about 473 days, when the corrosion 
products were still loose and easily shaken off the metal. After removal of 
the crust, the rate of oxygen absorption, previously about 0*3 c.c. per day, 
rose to 1*4 c.c. per day, a value rather higher than that corresponding to the 
post-parabolic portion of the curve. Possibly the slightly increased value was 
due to roughening of the anode, which may reduce the polarizing effect of the 
film discussed above. 

This research has shown that four physically different types of corrosion 
products may be formed in chloride solutions on mild steel specinjens in presence 
of oxygen, and that they have widely different effects on the rate of corrosion 
of the underlying metal. The four types of product are : — 

(1) A thin transparent film, probably of ferric oxide, which is usually highly 
protective ; 

(2) a loose stratified layer consisting of magnetic and ferric oxides which 
are freely pervious to oxygen and ions ; 

(3) hard sponges which form in alkaline solutions and are also pervious 
to ions and probably, therefore, to dissolved oxygen ; 

(4) hard crusts, (U)usisting of ferric and magnetic oxides, which resist tlie 

passage of oxygen and ions. 

In addition, there is probably a film of ferrous oxide in contact with the 
corroding metal. Wlien types (1) and (2) occur together, corrosion will 
gradually spread and penetration will be slight. With types (1) and (3) cor- 
rosion will be severely localized, and penetration will be greatest since the 
rate of corrosion is maintained. With (1) and (4) corrosion will also be localized 
but the rate of corrosion and of penetration will gradually fall as the crust 
closes over the corroded area. 

It will be seen that this discussion postulates that whenever metal ions can 
penetrate the anodic corrosion products dissolved oxygen can also do so ; 
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tliis seems more likely than the assumption that though ions can freely pene- 
trate dissolved oxygen cannot, as required by the differential aeration principle. 

The conclusion that an obstructive film of ferrous hydroxide is formed over 
the corroding surface of pure iron and mild steel suggests an explanation of the 
fact that they do not corrode in the absence of oxygen. The usual explanation 
is that a polarising film of hydrogen is formed, but since it has been shown that 
hydrogen gas can be evolved in all the solutions tested this explanation is 
rendered less likely. 

HI. Effect of Creviees. 

A comnaon view is expressed by Hedges^ as follows ; “ In the ordinary way 
even a chemically pure metal free from strain has not a perfectly continuous 
surface, but contains scratches and crevices due to grinding or other causers. 
Even when subsequently polished these crevices are not coinpletely eliminated, 
but are often imperfectly bridged over by a film of worked metal leaving perhaps 
minute perforations. Cavities formed in the jnetal in this way are particularly 
inaccessible to oxygen and therefore become anodic to the surrounding metal, 
to which atmospheric oxygen can diffuse. The corrosion then becomes coti- 
centratod at such spots, with the result that the cavity becomes deeper and 
deeper and the phenomenon of ‘pitting’ occurs.” 

The view is at variance with many known facts about the initiation and 
subsequent changes of corrosion distribution and intensity in alkali chloride 
solutions. Corrosion of cast zinc or rolled mild steel normally begins at very 
numerous sporadically distributed centres ; it soon ceases at those situated 
in certain well-defined areas but continues at others in different areas.f It is 
impossible to suppose that crevices are confined to the latter since the dis- 
tribution of the areas is largely a matter of the arrangement of the specimen 
in the liquid. Consequently, crevices cannot be normally an important factor 
in the distribution of corrosion, A further objection is that pitting only 
occurs (jxceptionally and can then be explained on quite different lines, whereas, 
according to the statement quoted, it should be an ordinary feature of corrosion 
experiments and metals should be quickly perforated. 

Doubt about the accepted explanation of the effect of crevices was aroused 
by observations which showed that if a piece of zinc were corroded in N/10,000 
K2SO4 till definite and easily visible pits formed, and were then removed, 
stripped of corrosion products by dilute acetic acid, thoroughly washed and 

• ** Protective Films on Metals,’* p, 466 (Chapman & Hall) (1932). 
t * Proc. Roy. Soo,,’ A, vol. 131, p. 606 (1931) ; vol, 134, p. 334 (1931). 
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replaced iu the original solution, corrosion did not begin at the original pits 
but at new centres which gave rise to an entirely new set of pits,* 

The conclusion that small differences of level do not cause suflicient differential 
aeration to localize corrosion was supported by a study of the distribution of 
initial corrosion centres on zinc and mild steel specimens turned with a fine 
cut on a precision lathe, A nearly sporadic distribution occurs, but the most 
active centres in dilute solutions of sodium and potassium chlorides and 
sulphates are often at tears and burrs situated at the crests of the marks and 
not in the trough. Scratches sometimes seem to localize corrosion, often at 
the burr rather than at the bottom of the scratch, but the effect is usually 
ephemeral. 

In our experiments on zinc, chemical composition has had a more important 
influence on localization of attack than invisible crevices ; on very highly 
purified zinc etch pits were formed on crystal faces, but on less pure zinc the 
deepest attack was usually along crystal boundaries. 

A deep crevice in a specimen can be reprasented by placing a turned circular 
disc in a solution and then another disc eccentrically on top of it, A film of 
liquid will be enclosed between the two and will be in contact with the outside 
solution owing to eccentric arrangement of the turning grooves, even if the 
ridges of the grooves actually touch. An experiment was tried by placing the 
specimens horizontally in N/10 KCl for 13 days. The normal amount of 
corrosion took place on the aerated top of the specimen ; the surfaces that 
formed the crevices were less attacked than the aerated surfaces. 

An experiment was carried out with a steel disc definitely separated by glass 
rods 0-i mm. in diameter from a plane glass surface. The result was similar ; 
the usual amounts of corrosion occurred on the top and sides of the disc 
and a relatively trifling amount in the “ crevice.’’ 

It was thought j)ossible that the reason why indifferent substances such 
glass, wax, filter papers, etc., seem to cause corrosion in their neighbourhood 
might be that they affect the distribution of protective films, A solution 
9/100 N with respect to KOH and N/lOO with respect to KCl does not attack 
totally immersed mild steel owing to the formation of a protective film, but 
if a disc be placed in this solution in a vessel with a plane glass bottom and be 
separated from the bottom by glass rods, 0*1 nun. in diameter, the bottom of 
the disc is corroded though the top and sides are still protected. With thicker 
rods no corrosion occurs on the bottom except at contacts with the glass ; 
evidently the protective film is pulled off by sufficiently close proximity of the 
* ‘ Proc. Roy. Soc./ A, vol, 131, p. 509 (1931). 
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glass plate, probably owing to surface tension factors. If the mixed solution be 
replaced by N/IO KOH no corrosion occurs ; evidently the film can be re- 
formed more quickly than it can be removed if sufficient KOH be present. 
Similar effects were obtained with ^siiic using a solution of N/20 KOH 4* N/20 
KCl, which Ls normally protective to zinc for more than 200 days. 

Filter paper has an effect similar to, but less powerful than, glass in localizing 
corrosion. In the mixed solution used for steel no corrosion occurred in four 
days when a disc was placed on four thicknesses of filter paper, but if a solution 
3/40 N KOH -f* 1/40 N KCl were used the disc was only corroded on the 
bottom where it was in contact with the filter papers, at the end of 2 days. 

Whether or not corrosion in a crevice becomes severe depends i)artly on the 
presence or absence of a protective film on the metal outside the crevice. 
Such a film will encourage attack in the crevice, but the amount of corrosion 
may not be great owing to electrolytic resistance and slow rate of diffusion 
in a narrow crevice ; in the absence of a film most of the available oxygen will 
be used for corrosion outside the crevice. 

Corrosion sometimes occurs at cracks in metals but it has been found in all 
the specimens examined by us tliat it is located not at the bottom of the cracks, 
as would be expected on the differential aeration principle, but at the edges of 
the mouth of the crack. 

The general conclusion of this section of the paper is that many cases of 
corrosion localized at crevices, crannies and near indifferent ’’ substances 
8U(h as glass, wax and filter paper, are not due to differential aeration, but to 
the fact that the local conditions are unsuitable for the formation of protective 
films, even if sufficient alkali be present to afford protection in normal con- 
ditions ; in some conditions the attack is probably due to the fact that the 
spreading of alkali to the affected spot has been hindered in some way. 

Sumimry of Comhisiofis, 

The general conclusion reached in this research is that corrosion, on zinc 
and mild steel in stagnant conditions, is often most active at places where 
it would not be expected according to the differential aeration principle. 

Apparent agreement with the principle sometimes occurs because precipitated 
protective films are quickly formed over the metal in presence of relatively 
great oxygen supplies ; dissolved oxygen, however, is not really an inhibitor 
of corrosion, as frequently assumed, but a stimulator. Its occasional apparent 
action as a local inhibitor is owing to the intervention of secondary products 
which prevent access of oxygen to the metal beneath and entrance of ions into 
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solution, but corrosion is proportionately increased elsewhere. Since the dis- 
tribution of protective films, and not necessarily of oxygen supplies, is the 
main influence in deciding the distribution of corrosion, it seems desirable that 
a complete restatement should be made of the factors which control dis- 
tribution in apparently stagnant conditions. This is attempted below for 
metals such as the mild steel and zinc used in this research on which the dis- 
tribution is not markedly influenced by localized chemical peculiarities or phase 
arrangement. 

The Film DistribtUim View of Corrosion , — Corrosion distribution is deter- 
mmod mainly by the distribution of protective films which cause the metal 
to be locally cathodic to bare, or less completely protected, metal. Such films 
are usually quickly formed, mainly by electrochemical reactions, on zinc, iron 
and mUd steel, in all the conditions studied. 

When the films are widespread, corrosion may be sufficiently localized to 
be called pitting ; when the films are restricted corrosion is spread out over 
areas the sizes of which vary with the experimental conditions and with time, 
and may finally cover the whole surface of the metal. 

Factors which influence the character, distribution and continued adherence 
of films in the solutions and conditions studied in this research are : — 

1. Alkali distribution. 

2. Surface tension factors. 

3. Presence of specially reactive areas at the metal surface. 

4. Gravity. 

5. Movement of liquid. 

6. Alternate wet and dry conditions. 

7. The presence of certain foreign bodies. 

8. Nature of the solution. 

No doubt other factors remain yet to be discovered. 

The precise effect of a given factor may vary with the metal. 

Alkali distribution is affected by 

1 (u) Sites of depolarization by oxygen. 

1 (6) Creep tendency. 

1 (c) Neutralization by metallic salts or atmospheric gases. 

Surface tension factors may be important, for instance, in : — 

2 (a) Water-line conditions. 

2 (6) Presence of certain foreign bodies. 
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Specially reactive areas may be due to physical differences in the metal, 
wliich may act either directly or, according to Evans, through the medium 
of air-formed films. 

The average rate of corrosion is often determined by the total rate of oxygen 
supply to the total surface of both protec^ted and attacked areas, but the 
intensity of corrosion at any given part is determined by the film distribution. 
Occasionally the rate and intensity of corrosion are determined by the con- 
centration of anions. 

The authors wish to acknowledge the help they have received in the experi- 
mental work from Mr. T. J. Nurse. The research was carried out for the 
Corrosion of Metals Research Committee of the Department of Scientific and 
Industrial Research, and the thanJes of the authors are due to the Chairman, 
Professor Sir Harold Carpenter, F.R.S., and to Professor G. T. Morgan, F.R.S., 
for many facilities afforded and for permission to publish. 

Summary, 

Previous parts have dealt mainly with total corrosion rates found for the 
whole surfaces of metal specimens ; the present part deals mainly with the 
distribution of corrosion, which is usually not uniform. 

It is widely believed that distribution is controlled mainly by differential 
aeration such as may occur over the surfaces of metals either partially or 
wholly immersed in salt solutions ; most corrosion is thought to occur at the 
least aerated parts. 

Causes of differential aeration sufficient to affect distribution are usually 
considered to be partial immersion, deposits of corrosion products, and foreign 
bodieii, and crevices. 

Experiments have now indicated that there is no close correlation between 
rate of oxygen supply to a given area and the intensity of corrosion at that 
area ; intensity is actually controlled by the distribution of protective films 
which are not necessarily confined to highly aerated regions, nor absent in 
less aerated regions. The spread of alkali, the presence of reactive areas in 
the metal, gravity and other factors affect film distribution which often under- 
goes important changes with time, although the nature of the oxygen supply 
has not been altered. Certain deposits of corrosion products usually assumed 
to act as oxygen screens do not actxially so behave ; others which do so have 
been found to cut down corrosion locally instead of stimulating it. Certain 
types of crevice have been shown not to stimulate corrosion by differential 
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aeration, as supposed ; others to stimulate it by interference with the formation 
of protective films. An explanation of certain types of “ pitting ** is given* 
A convenient way of expressing the facts at present known, is outlined as a 
** film distribution view of corrosion. 


Appendix. 

Analyses of Metals Used, 


Standard Steel, 

per cent. 


Carbon 0-13 

Silicon 0*16 

Sulphur 0*034 

Phosphorus 0*034 

Manganese 0*46 

Nickel 0*20 

Chromium 0*04 

Copper 0*06 

Oxygen 0*02 


Zinc, 



per cent. 

Lead 

.... 0-042 

Iron 

.... 0-003 

Copper .... 

. ... 0-0008 

Cadmium . . 

. . . . 0-0078 

Arsenic .... 

. . . . 0-0008 


The steel was in the form of rolled bars to which the following final treatment 
was applied : gradual heating from 500° to 910° C., during 2| hours ; main- 
tenance of temj)erature between 905° and 915° il for hours; subsequent 
cooling to atmospheric temperature in absence of draughts. The zinc was 
in the form of rolled sheet about 1 mm. thick. 
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The Slow Combustion of Ethane at High Pressures, 

By D. M. Newitt, D.Sc., and A. M. Bloch, B.Sc. 

(Communicated by W. A. Bone, F.R.S. — Received November 30, 1932.) 

In 1904 the slov^ combustion of ethane at atmospheric pressure was shown 
by Bone and Stockings* to proceed smoothly without any separation of carbon 
or liberation of hydrogen, via acetaldehyde, formaldehyde, formic and carbonic 
acids to the ultimate production of oxides of carbon and steam, as though the 
process really involved a series of successive hydroxylations. A more recent 
study of the same reaction by Bone and Hillt shows it to be preceded by an 
“ induction period ” during which practically no oxidation occurs. Moreover, 
although ethyl alcohol was not identified among the products of oxidation, 
there was strong indirect evidence that C 2 H 6 O (or possibly even some less 
oxygenated-ethane) had been initially formed. 

At the temperature at which ethane and oxygen interact with measurable 
velocity at atmospheric pressure ethyl alcohol oxidizes so very rapidly that the 
chances of its surviving in the products are remote. For this reason upholders 
of the hydroxylation theory have always postulated a “ non-stop ’’ run through 
the mono-hydroxy to the di-hydroxy stage, the first identifiable intermediate 
product being acetaldehyde, thus : 

CHa CH3 CHa CH3 

I — >• I — j — *• I + H,0, etc. 

CHa CHaOH CHlOH), CHO 

On employing ozonized oxygen, however, the temperature of interaction is 
considerably lowered, and Drugman showed that at 100° C. ethyl alcohol, 
acetaldehyde and acetic acid are successively formed. 

High pressure is particularly favourable to the survival of intermediate 
products in such reactions, because not only does it allow of comparatively 
low temperatures being used, but also where the change involves a diminution 
in the number of molecules in the system it assists by increasing the thermal 
stability of the products. Thus in previous work from these laboratories on 
the oxidation of methane at pressures between 50 and 100 atmospheres and 
temperatures between 330° and 400° C. all the intermediate products (t.e., 

* ‘ J. Chom. Soo.,’ vol. 86, p. 693 (1904). 
t ‘ Proo. Boy. Soo„* A, vol. 129, p. 434 (1980). 
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metliyl alcohol, formaldehyde, formic acid, etc.) arising from successive 
** hydrorylationa ” were identified and isolated.* 

In the present paper experiments upon the slow oxidation of ethane in a 
static sjnstem at pressures up to 100 atmospheres are described, and it is shown 
that in favourable circumstances upwards of 60 per cent, of the ethane burnt 
may appear in the products as alcohols, aldehydes and acids. 

Exj>erimentaL 

ApparaUis and Method , — The apparatus used consisted of an electrically 
heated steel reaction vessel of 500 c.c. capacity connected through an inlet 
valve with (a) a storage cylinder containing the initial ethane-oxygen mixture 
previously compressed to the requisite high pressure, (6) a standard Bourdon 
tube pressure gauge, and (o) a train of cooling coils surrounded by an ice-salt 
mixture, followed by scrubbers containing distilled water, for the removal at 
atmospheric pressure of condensable and water-soluble reaction products. 
The general lay-out of the apparatus has been described in a previous com- 
munication.! 

The experimental method consisted in bringing the reaction vessel to the 
required temperature, evacuating and then rapidly filling it to the desired 
pressure with the compressed ethane-oxygen mixture the composition of which 
was varied in different experiments between the limits 85 to 90 C2H^/15 to 
10 Og. The inlet valve was closed and the progress of the reaction followed 
by observing the change in temperature of the gaseous media as indicated by 
a platinum-rhodium couple situated in a tube traversing axially the reaction 
chamber. 

On completion of the reaction, the products were released through the outlet 
valve and passed successively through the cooling coils and scjrubbers, the 
contents of which were subsequently mixed, diluted with distilled water and 
aliquot parts used for the quantitative estimation of the various constituents 
so removed. The remaining gaseous products were analysed. 

Preparation of Oases, — ^Ethane not being available commercially in sufficiently 
large quantities for the experiments, a method was developed for its prepara- 
tion by (i) the catalytic hydrogenation of ethylene, over a reduced nickel 
catalyst at 80^ C. and 50 atmospheres pressure, followed by (ii) liquefaction of 
the product (after removal therefrom of any unchanged ethylene by means of 
bromine), and subsequent fractionation of the liquid. This finally resulted in 

* ‘ Proc. Roy. Soc.,’ A, voL 134, p. 591 (1932). 
t Loc, cit, p. 693. 
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a product containing 97*3 per cent, of ethane (CyA on explosion analysis 
1*250) and 2*7 per cent, of nitrogen. 

The oxygen employed was purchased in cylinders from the British Oxygen 
Company, and after its composition had been checked by analysis, was used 
without further purification. 

Ethane-oxygen mixtures of the desired composition were made up in 
10 cubic foot gas holders and were compressed into cylinders to 150 atmospheres 
by means of a 2-stage water-lubricated compressor. It was foimd necessary 
to keep the cylinder in a thermostat at 40° C. as otherwise there was a tendency 
for tlie constituents to separate. As a precaution, samples were taken and 
their compositions checked by analysis immediately before each experiment. 

Identification and Estimation of the Prodmts , — A qualitative analysis of the 
condensed products from a few preliminary experiments with a 90 Og 

medium at 270° C. and 100 atmospheres pressure revealed the presence of 
ethyl and methyl alcohols, aldehydes and acids in considerable quantities. 
The identification and quantitative estimation of all the components of such 
a complex mixture proved a matter of considerable difficulty and numerous 
comparative tests had to be made before reliable methods could be evolved. 
Fimilly the following methods were adopted. 

Ethyl AlcohoL — After removal of any acetaldehyde and acetic acid present, 
this was identified by oxidizing it to acetic acid and preparing the corresponding 
anilide, which was identified by its melting point (112° C.). The quantitative 
estimation was similarly baaed on its conversion to acetic acid. The con- 
densate was first refluxed for 2 hours with aniline and phosphoric acid and was 
then distilled, the distillate so obtained being entirely free from aldehyde. 
Whereupon the alcohol was oxidized by refluxing with acid dichromate, the 
resultant acetic acid separated by steam distillation, and estimated by titration 
with N/IO caustic potash. From the total so obtained, the amount of free 
acetic acid originally present in the condensate, if any, was deducted. 

Methyl Alcohol was identified by means of its p-nitrobenzoyl derivative, and 
by conversion into methyl salicylate. It was estimated (together with any 
formaldehyde present) by a modification of the Deniges method.* Measured 
quantities of the condensate were osddized with potassium permanganate under 
standard conditions, excess of the oxidizing agent being removed by oxalic 
acid. Sufficient concentrated sulphuric acid was then added to prevent the 
development of any colour caused by acetaldehyde produced from ethyl 
alcohol, and finally the total formaldehyde was estimated colorimetrically 
* ‘ C. R. Acad. Sci. Paris,’ vol. 150, p. 832 (1010). 
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with SchiS’s reagent against standard solutions of methyl alcohol oxidized in 
the same way. 

Ald^ydes were detected by Schiii’s reagent, and acetaldehyde by the instant 
precipitation of amorphous iodoform when treated in the cold with a solution 
of iodine followed by caustic potash. The total aldehydes present were 
estimated by Ripper’s bisulphite method, and formaldehyde by Romijn's 
potassium cyanide method, the difference between the two results giving the 
acetaldehyde present. 

Adds , — The total acidity was determined by N/10 alkali. Formic acid 
was estimated separately by neutralizing the condensate, evaporating to 
dr3rnes8 twice and oxidizing the residue by permanganate, according to a 
method of Fauchet.'*' 

Penmdes mid Glyoxal were always tested for but never found. 

Gases . — The gaseous products after removal of aldehyde vapour by exposure 
to solid zinc chloride were analyztnl in the usual way. Finally, after the 
foregoing estimation and analyses, “ balances ” were drawn up showing how 
the carbon of the ethane actually burnt was distributed among the various 
products. 

IsoUuion of AlcohoUy Alddiydes aitd Adds from the Prodmts of Combustion of a 

90 Cglle/lO Og Mixture. 

In tills preliminary series of experiments an initial mixture containing a 
large excess (90 C2Hfi/10 O2) of the combustible gas was employed at an initial 
pressure of 100 atmospheres, the reaction being carried out in a copper-lined 
vessel, the temperature of which was varied from one experiment to another 
so as to include both slow and rapid rates of combm^tion. 

The general character of the oxidation was found to bo similar to that 
previously found by one of us and A. E. Haffner for corresponding methancj- 
oxygen mixtures. For example, at the lowest initial temperature employed 
(260° C.) there was an induction period of 81-5 minutes, during which neither 
heat evolution nor any appreciable oxidation occurred ; this was followed by 
a reaction period of 14 minutes, during which the temperature rose 3° C., and 
the whole of the free oxygen was used up. With increase of the initial tempera- 
ture, both the “ induction ” and the “ reaction ” periods were shortened, 
until at 278° C. the induction period became inappreciable and the reaction 
was completed in 1 minute, the temperature rise being 21° C. 

♦ ‘ Cbera. Soc. Ab«.,’ vol. 2, p. 499 (1912). 
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A complete quantitative analysis of the condensable intermediate products 
was made with results as summarized in Table I. 

It will be seen that ethyl alcohol was always the predominant condensable 
product, the maximum yield of it being at 272*6° C., when it represented no 
less than 36 * 5 per cent, of the ethane burnt. Also, methyl alcohol, acetaldehyde 
and acetic acid were all present in comparatively large quantities, together 
with smaller amounts of formaldehyde and formic a(ud ; indeed the total 
carbon appearing in the combined alcohols, aldehydes, and acids varied between 
43*6 and 71*7 per cent, of the ethane burnt in the difEerent experiments, but 
ptjroxides were never found at all. Steam was always found in these and all 
subsequent experiments. 

The isolation, for the first time, of ethyl alcohol from the products of the 
interaction of ethane and oxygen is of special interest in that it substantiates 
much previous indirect evidence all pointing to its initial formation. More- 
over, the formations of methyl alcohol and acetic acid, in addition to the 
previously observed acetaldehyde and formaldehyde, have also an important 
bearing on the mechanism of the combustion, which will be discussed later on. 


Second Series. — A Comjiarison between the Reaction Products of an 88*2 CJial 
11*8 02 Medium at Pressures of 60 and 100 Atmospheres and Temperatures 
between circa 270° and 310° (7. 

Owing to the presence of acetic acid among the oxidation products it was 
decided to replace the copper-lined reaction vessel used hitherto by one of the 
same design and dimensions made of a highly resistant alloy steel. 

In comparing the results of oxidation experiments at two different pressures 
regard must be had to both the maximum reaction temperature and the 
reaction velocity ; for the most favourable condition for the isolation of 
condensable intermediate products are those in which the reaction takes place 
comparatvely slowly and with only a small temperature rise. 

Two groups of experiments were therefore carried out with a mixture of 
initial (composition 88*2 C2H5/II *8 O2 at 60 and 100 atnaospheres, respectively, 
in which the initial temperature was varied over a wide range so as to obtain 
both slow and rapid reaction. 

From the results, which (with the exception of the steam formation) are 
detailed in Table II, it will be seen that (i) at each reaction pressure there was 
always a well-defined induction ” and reaction ” period, the duration of 
which so rapidly diminished with rising temperature that at 310° both had 
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becoixie exceedingly short ; and (ii) increasing the reaction pressure ” so 
favoured the survival of alcohols, aldehydes, and acdds that in several of the 
experiments at 100 atmospheres as much as about two-thirds of the carbon 
of the ethane burnt so survived, as compared with between about 40 and 60 
per cent, only at 50 atmospheres. 

At both pressures ethyl alcohol and/or acetic acid always predominated 
among the surviving condensable products, there being apparent in each case 
a fairly low optimum ’’ temperature for their separate or joint survival. 
The proportion of ethane burnt surviving as methyl al(X)hol was not nearly so 
much affected by variations in temperature and pressure. Moreover, in most 
of the ex|K;riments th(^re was a fairly constant ratio between the survival of 
ethyl alcohol and acetaldehyde, namely, about 3-0 at 50 atmosplieres and 
between 3*3 and 4*0 at 100 atmospheres. Formaldehyde and formic a(;id 
were found in relatively small quantities only and peroxides ” not at all. 

As regards the gaseous products with slow reaction speeds they consisted 
entirely, or almost so, of oxides of carlxui, but as reaction qxiickeued both 
methane* and traces of hydrogen appeared, doubtless as the result of secondary 
thermal decomposition of acetaldehyde and formaldehyde, respectively, 
thus 

CHa . OHO - CH4 + CO 
H . CHO - Hg + CO. 

It will be seen that in each experiment the whole of the carbon of the ethane 
burnt was substantially accounted for among the foregoing products showing 
how complete had been the analyses involved. 

Third Series. — Influence of PreMure upon the Survival of Product.8 from Equal 

Reaetum RalCrS. 

In this series of experiments, while the reliction-pressure was raised in steps 
from 16 up to 100 atmospheres care was taken simultaneously to lower the 
temperature so as to maintain an approximately equal reaction speed and 
temperature rise throughout, thus enabling data to be obtained for what seems 
a true comparison of the yield of condensable products obtained at the different 
pressflures. 

The results, which are detailed in Table ill, showed that whereas an increase 
in pressure favoured the survival of ethyl alcohol, acetaldehyde, and acetic 
acid (i.e., of products not involving any ruptme of the ethane molecule) it 
seemed to have an opposite effect upon the survival of methyl alcohol and 
formaldehyde, 

2 F 
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Fourth Series. — The Influmce of Oxygen Concentratiofi upon the Survival of 

Intermediate ProdutM. 

So far we had not worked with C2H^~-02 mixtures containing more than 
11-8 per cent, of oxygen, because of the difficulty of controlling the temperature 
in the reaction chamber with higher oxygen content. Later on, however, 
we succeeded in carrying out two comparative experiments, the results of 
which are detailed in Table IV, with mixtures of composition 89 C 2 He/ll Og 
and 84*5 C2He/15'5 O 2 , respectively, each at a pressure of 100 atmospheres 
and the same initial temperature of about 270"" C, 

In comparing the results it should be remembered that whereas with the 
first mixture the reaction temperature rose to 283 *5'^ only, with the second it 
rose to 315*8° owing to the greater oxygen content. It was therefore not 
surprising in the latter experiment that there was a much smaller survival of 
condensable products, and especially of ethyl alcohol, acetaldehyde, and 
acetic acid, although that of methyl alcohol was not so much affected. In 
the second experiment there was much more methane formed than in the 
first, a circumstance also associated with a slight carbon deposition and some 
liberation of hydrogen, neither of wliich had been observed in the first ; these 
features are attributable to more secondary decomposition of acetaldehyde and 
formaldehyde at the liigher reaction temperature reached in the second 
experiment. 

Fifth Series. — Progressive Pressure Oxidation. 

In the following series of three experiments starting with an 88 CaHe/12 O 2 
mixture, so as to avoid any large rise in reaction temperature, a progressive 
oxidation was effected in the following manner : (1) In the first instance as soon 
as all the original oxygen had disappeared, the resulting products were withdrawn 
and analysed, but (2) on repeating the experiment, a second charge of oxygen 
was introduced into the reaction chamber as soon as the fiirst had disappeared, 
and the products were not withdrawn for analysis until this additional oxygen 
had disappeared, whilst (3) in the third experiment two such additional charges 
of oxygen were successively introduced and were allowed to be used up before 
the products were finally withdrawn. 

We were thus enabled to follow the course of oxidation much further than 
before, while keeping the oxygen concentration low and preventing any undue 
rise in reaction temperature. The results, which are detailed in Table V 
(where the various products therein are expressed as cubic centimetres of gas 
or vapour per litre of the original mixture taken) showed that, as the oxidation 
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proceeded, while there was a small progressive falling off in the concentrations 
of the ethane, ethyl alcohol and formaldehyde, those of methyl alcohol, acet- 
aldehyde and both oxides of carbon materially increased ; the CO/CO 2 ratio 
remaining fairly constant throughout. The concentration of acetic and formic 
acids (always relatively small) were, however, not much affected. Also the 
products contained about 5 per cent, of methane and less than 2 per cent, of 
hydrogen. Obviously, the fxirther the oxidation proceeded, the more of the 
hydrocarbon was burnt to oxides of carbon and steam. 


IHscmsiofL 

The prominence, and in some experiments the predominance, of ethyl alcohol 
among the surviving condensable and water-soluble intermediate oxidation 
products — which taken together ac(^ounted in many experiments for upwards 
of 60 (and in one case for more than 70^ per cent, of the carbon in the ethane 
burnt — without any trace of peroxide ever being detected, adds greatly to the 
already overwhelming weight of evidence in favour of the “ hydroxylation ” 
as against the “ peroxidation ” theory of hydrocarbon comhuation. 

In one experiment no less than 36 ‘5 per cent, of the total carbon of the 
ethane burnt was found in the products as ethyl alcohol, another 20 per cent, 
as methyl alcohol, 8 per cent, more as acetaldehyde, 6*5 per cent, as acetic 
acid, besides smaller proportions as formaldehyde and formic acid, together 
substantiating almost quantitatively the following hydroxylation scheme. 
In this (he it noted) each one of the six possible hydroxylation ’’ steps is 
represented by one or more of the products actually isolated, thus making 
the proof complete. 


Stage 1 2 

CH, CHg CHj 

I I "► 1 
OH, CH/)H CH(OH), 


OH OH 


OH OH 


H,0 -f CH, . OHO - Ha:C-C:0-H. H, : C -- C : 0 « CO + H,0 + : C : O - 

I / . 

GHj.COOH CO-f CH,OH^ CH,(OH),« H ,0 + J 


HO. HO. 

>C:0^ \C‘0 

h/ ho^ 

^ *■ — — ^ 

H,o + co H,o + t:o, 


There was neither any liberation of carbon nor hydrogen except when the 
reaction temperatnre had risen so rapidly as to cause an infbmmation of the 
reacting medium ; usually, though not invariably, some methane appeared in 
the products as the result of the thermal decomposition of some of the aoetalde* 
hyde vapour. Otherwise the only thermal decompositions accompanying the 
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main course of the oxidation were those of the less stable of the successively 
formed hydroxylated molecules, as shown in the scheme. 

The general influence of an increase in the reaction pressure was favourable 
to the survival of those products (t.e., ethyl alcohol, acetaldehyde and acetic 
acid) whose formation did not involve any disruption of the bond between 
the two carbon atoms of the ethane burnt ; conversely a lowering of the 
pressure tended to promote such disruption and to favour the formation, or 
survival, of methyl alcohol, formaldehyde, and formic acid. 

Carbon monoxide was, or might be, formed as the result of thermal decom- 
position (i) simultaneously with methyl alcohol at the third hydroxylation 
stage, (ii) simultaneously with steam and formaldehyde at the fourth stage, 
and (iii) simultaneously with steam at the fifth stage ; while in all experiments 
carbon dioxide was certainly formed by the thermal deiomposition of carbonic 
acid at the sixth stage and possibly also to a small extent in some experiments 
by the independent oxidation of the monoxide. 

In conclusion we desire to thanlc Professor Bone for his interest in the work 
and Radiation Limited for their Research Fellowship which has enabled one 
of UR (A.M.B.) to devote his whole time to it. 

Sumfnary, 

In the slow combustion of ethane-oxygen mixtures of composition 86 to 90 
CjHc/16 to 10 © 2 * at high pressures, intermediate products, representing the 
six possible “ hydroxylation steps whereby the ethane molecule is oxidized, 
have been isolated. 

At 100 atmospheres pressure upwards of 60 (and in one case more than 70) 
per cent, of the <;arbon of the ethane burnt survived as condensable and water 
soluble intermediate products. Ethyl alcohol and/or acetic acid predominated 
among the surviving intermediate products but, in addition, considerable 
quantities of methyl alcohol, arietsidehyde and steam were always present 
together with smaller amounts of formaldehyde and formic acid. 

The effect of increasing the initial pressure of the reacting medium was in 
general to favour the survival of ethyl alcohol, acetaldehyde and acetic acid 
(i.e., of products formed without any rupture of the ethane molecule). 
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Add Strength and its Dependence Upon the Nature of the Solvent. 

By W. F. Kenrick Wynne-Jones, T1k‘ University, Reading. 

(Communicated by 8ir Harold Hartley, F.R.S. — Received December 1, 1932.) 

Tbe development of our views concerning the nature of acids and bases 
and, in particular, the precision givem to these views by the definitions pro- 
posed by Bronsted and Lowry*** of an atdd as a substance which splits off protons, 
and of a base as a substance which takes up protons, have led to a rnucli clearer 
understanding of the l)ehaviour of acids and bases in different solvents. The 
essential dependence of the ionization of acids and bases upon the basicity or 
acidity of the solvent has been emphasized in a number of papers,! and many 
authors have shown how by suitable choice of solvent a much greater range of 
acidity is available than when water alone is employed. 

Despite the very notable advances that have been made, there is a farther 
problem, that of the relative strengths of different acids, to which a satis- 
factory solution has not yet been found. So far as any single solvent is con- 
cerned, it is usual to regard the dissociation constant of an acid as a measure 
of its strength, and on this basis numerous attempts have been made to correlate 
acid strength and constitution. J Many of these attempts have been expressed 
quantitatively, and that tlie opinion is widely held that some such relation can 
be formulated is evidenced by the innumerable proofs of strui'ture,” which 
are advanced on the basis of measurements of dissociation constants. However, 
an examination of the data for different solvents shows that the fundamental 
assumption that the intrinsic strength of an acid is measured by its dissociation 
<H)nstant in a particular solvent is invalid, since an acid which is stronger than 
another in one solvent is often weaker in a second solvent ; thus in water 
o-nitrobenzoic acid has a dissociation constant of 6*2 X 10“^ compared with 

• BrOnstodf ‘Roc, Trav. Chim.,’ vol. 42, p. 718 (1923) ; Lowry, * J. Hoc, Chem. Ind,/ 
Tol 42, p. 43 (1923), 

t Brdnated, ‘ Ber. deuts. chom, Ges.,’ vol, 61, p. 2049 (1928) ; Hal! and Oonant, ‘ J. 
Amer. Ohem, Soc,,’ vol, 49, p. 3047 (1927) ; Bchwarzonbaoh, ‘ Holv, Chiin. Acta,’ vol. 13, 
p. 870 (1930); Hammett and Dietz, ‘ J. Amer. Chem. Hoc,,’ vol. 52, p. 4795 (1930); 
Wynne- Jones, ‘ J. Chem, Hoc.,’ p. 1064 (1930). 

X Ostwald, ‘ Z. phys. Chem.,’ vol. 3, p. 177 (1889) ; Wegscheider, ‘ Mhft. Chem..* voL 
23, p. 289 (1902) ; Flursoheim, ‘ J, Chem. Soc.,* vol. 95, p. 718 (1909) and vol. 97. p. 84 
(1910) ; Derick, ‘ J. Amer. Chem. Hoc.,’ vol. 33. p. 1152 (1911) ; Maclnnes, ‘ J. Amer, 
Chem. Soc.,’ vol. 60. p. 2587 (1928). 
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1*6 X 10“® for 3*5 dinitrobenzoic acid, while in ethyl alcohol the respective 
constants are 2*42 X 10“® and 8*16 x 10*®. This fact, which emerges very 
clearly from the extensive work of Goldschmidt on solutions in methyl and 
ethyl alcohols and is confirmed by the work of Larsson and of Halford,* means 
that it is impossible to transfer a scale of acidity from one solvent to another, 
and renders of doubtful significance the rules previously formulated on the 
basis of results in water. 

Since the ionization of an acid. A, in a solvent, S, is due to a reaction of the 
type 

A + S - SH+ + B, 


it appears at first that a change of solvent will afiect all acids similarly ; there 
are, however, two factors that will complicate the relations — 

(1) the electrostatic action between SII ' + B will depend upon the 
solvent ; 

(2) the chemical potentials of A and B may vary difE(‘rentIy with change of 
solvent. 


The second factor is difficult to e.stimate, and it has been proposed by Bjerrum 
and Larssonf that, since B differs from A only by a proton, we may consider 
variations in their chemi(^al potentials to be the same. 

The influence of the first factor may be shown in outline by comparing the 
ionization of two different types of acid 

A^ - B f 
A - B " + H- 


The equilibrium for an acid of the first type will be relatively iasensitive to 
changes in the dielectric constant whereas, for an acid of the second type, a 
decrease in the dielectric constant will shift the equilibrium from right to left. 
The quantitative expression of this dependence of the equilibrium upon the 
dielectric constant has already been worked out by Bjerrum and Larsson, 
and by Brdnsted.t 

'^Larsson, ‘Dissertation,’ Lund (1924); Halford, *J. Ainer. Chem. Soc.,’ voi. 53. 
p. 2944 (1931), 

t ‘ Z. phys. Chem.,’ voi. 127, p. 358 (1927). 

X Bjerrum and Larsson, ‘ Z. phys, Chem./ voi. 127, p. 368 (1927) ; BrOnated, ‘ Chem. 
Bev.,’ voL 5, p. 231 (1928), 
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If “ 4^ ” is the electrostatic potential of an isolated ion of radius “ r ” and 
charge “ e ” in a solvent of dielectric constant “ D,” then 



and the electrical work done by the ion on transfer to a second solvent is 


A = 


e! i'J- - 

2f'D, bJ' 


For an acid of the first type the (ihange in dissociation constant will therefore 


be 


A lnK = ~ 


e» / I 
2A'T \rH+ 



( 1 ) 


where 7^+ is the radius of the hydrogen ion and is the radius of the acid ion. 

For an acid of the second type the corresponding relation will be 

where is the radiuH of the anion of the acid. 

These equations take into ac.coai)it only the electrostatic efiects, and conse- 
quently cannot reproduce the actual changes in the dissociation constants ; 
nevertheless they show that, so far as the electrical effect is determined by the 
ionic radius, specific variations are to be expected even for acids of the same 
type. 

Bjerrum and Larsson and also Brdnsted have attempted to evaluate the 
electrical part of the dissociation constants and to apply the above equations, 
but both these treatments depend upon a knowledge of the partition coefficient 
of the hydrogen ion between the solvents employed, and consequently they 
are open to grave objection since, on the experimental side, this quantity 
eludes measurement, while theoretically, as shown by Guggenheim* the 
concept of individual ion partition coefficient is incapable of precise definition. 
We may, however, avoid these uncertainties and at the same time eliminate 
the chemical effect of varying solvation of the proton by considering not the 
changes in the actual dissociation constants but changes in the relative con- 
stants taking some acid as a standard. 

• ‘ J. Vhyn, Chem.,’ vol. 33, p. 842 (1829). 
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Since the diBSOciation of an acid may be iregarded as occurring in two steps 

A - + B 

+ S = SH^ 

the observed dissociation constant is the product of the separate constants for 
the two steps 

K = Ajj . A? 2* 


Hence if we take as standard an acid, Aq, and consider its dissociation in two 
solvents S' and S", we may write 

v' — h* y 

K" — y* 

where and refer to the primary ionization of the acid in the two solvents 
and Jfc'gs f ^ solvation of the proton. In the same way for any other 

acid, A, we have 

K' = A' . i'g 
K" = r . 

and hence for the relative constants of this second acid we have 

K' 

^ r ~~ , 

JV 0 K Q 

______ 

I\ 

IV 0 A- 0 

in which the terms involving the basicity of the solvent no longer appear. 

The relative dissociation constant of an acid. A, compared with a standard 
acid, Aq, is actually the constant for the equilibrium 


A + Bo = B + Aq, 

where B and Bo are the conjugate bases of the two acids A and Ao* If the charges 
carried by these basic molecules are zz and then the change in the relative 
dissociation constant when the dielectric constant is altered is given by 





i5iL±iI‘ _ _ 5ii*\ 

f, r. r-J \D/ 


the ionic radii being asaumed to be independent of the solvent. If either the 
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acid or basic molecules are uncharged, two of the terms within the bracket 
disappear, but the terms may be similarly reduced if we make the approximation 


r* rR == r 


and we thus obtain the relation 


'A* 






If both the acids are uncharged, tliis equation becomes 


AlnKf 




2iT\) 




and, if both carry single positive charges, 


(3) * 

(4) * 


while, if the standard acid is uncharged and the other acid carries a single 
positive charge, we have 





( 5 )* 


These equations involve the assumptions that the solvent is a continuous 
dielectric and that the ions are spherical, and consequently it is improbable 
that they can be applied quantitatively to the ions of organic acids in which the 
chargt^ is often located at one end of the ion. Nevertheless we may expect 
that the equations will give a qualitative explanation of the variations in 
relative strength of acids, and in particular the dependence of log K,. upon the 
dielectric constant should be of the form required by the equations ; that is 
to say, if values of log are plotted against the reciprocal of the dielectric 
constants a straight line should be obtained for each acid. 


Test of Relationship. 

Although many measurements of the strengths of acids have been made in 
different solvents, few of these can be employed for an exact test of the relation* 

♦ In my original derivation of these equations, I started from equations (1) and (2) 
which I assumed to represent the electrical effects. I am indebted to Mr. E. A. Guggen- 
heim for pointing out to me that those equations become meaningless when applied to the 
hydrogen ion which is a different entity in each solvent. The modiffed deduction given 
above is due to Mr. Guggenheim. 
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ship suggested above. Most of the data are unsuitable either because they 
were determined by methods which do not lead unambiguously to the true 
dissociation constant indicator methods or e.m.f. measurt^ments in solvents 
of low dielectric constant) or because of considerable experimental errors due 
frequently to inadequate purification of the solvents ; a few apparently 
reliable data cannot be employed because they consist of isolated measure- 
ments and so do not allow of the calculation of 
A careful examination of the data shows that we are virtually restricted to 
the n^sults for water, and those of Goldschmidt and his collaborators for methyl 
and ethyl alcohols.* Fort^unately these results cover a wide range of sub- 
stances and include acids which are positively charged (type 1) as well as acids 
which are uncharged (type II). Benzoic acid has been chosen as standard 
for the uncharged acids since its dissociation constants are accurately known 
in these three solvents and it serves as a useful basis of comparison for other 
aromatic acids ; the ease with which it can he obtained pure, and its solubility 
in a variety of solvents, also make it a convenient standard. For positively 
charged acids the pyridiniiim ion has been adopted as standard. 

In fig, 1 are shown the data for uncharged acids. For the majority of these 
acids the slopes of the lines are small, but for picric acid and trinitrocresol 
quite steep curves are obtained. Applying equation (3) the radii of the picrate 
and trinitrocresolate ions may be calculated if a valu(‘ is assumed for the 
radius of the benzoate ion, and taking this arbitrarily to be 0*8 A the radii 
of the other tw^o ions are found to be 2*7 A.f As already indicated such a 
calculation is without quantitative significance. Nevertheless the relatively 
large radius of the picrate ion is in agrec^ment with the conclusions drawn by 
Ulicht from his investigation into the mobilities of organic ions. Ulich has 
pointed out that the localization of the charge on a carboxylate ion makes 
such an ion b(^have as though it had a very small radius, while the picratt^ ion 
presumably possesses a greater symmetry and hence behaves as a large ion. 
As showing the great variations in that may occur, it is interesting to com- 

* Goldschmidt, ' Z. phys. Chom./ vol. 91, p. 46 (1916) ; Goldschmidt and Aas, ibid,, 
vol. 112, p. 423 (1924) ; Goldschmidt and Aarflot, ^id„ vol. 117, p. 312 (1925) ; Gold- 
schmidt and Mathiescn, ibid., vol. 119, p. 453 (1926) ; Goldschmidt, Marum and Thomas, 
ibid., vol. 129, p. 223 (1927) and vol. 132, p. 257 (1928). 

t According to equation (3), an upper limit to the radius of the benzoate ion is fixed by 
the condition ^ * substitution in the equation gives a value of 1 • 16 A for the 

radius of the benzoate ion. These values are of course to be interpreted as “ effective 
radii and not the actual radii which may be deduced from X-ray analysis. 
i * Forteohr. Chem. Phys.,’ vol. 18, No, 10 (1926). 
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pare the strexigths of picric and nitric acids in the three solvents ; the curves 
show that whereas in ethyl alcohol their strengths are almost identical, nitric 
acid is about five times as strong as picric acid in methyl alcohol, and in water 
nitric acid would appear to be about 100 times as strong as picric acid. The 
actual strength of nitric acid in water is unknown, but the constant calculated 
by extrapolation of the curve in fig. l^is about 40, a value quite compatible 
with the known behaviour of this acid as a strong or completely ionized electro- 
lyte. The curves for the three nitrobenzoic acids show that the o-acid behaves 



Fio. 1. — Nitric acid values from Murray-Kust and Hartley, ‘ Proo. Roy. Hoc.,’ A. vol. 
126, }>. (1929); acetic acid value in CHgOH from Bjerrum, Unraack and Zech- 

meiftter, * K. Hanak. Vidensk, Selsk. Mathfys. Medd.,’ vol. 6, p. 11 (1924); acetic 
acid value in CjHjOH from Lareaon, ‘‘ Disaertation,’* Lund (1924). 

very differently from the other two, and it is evident that even with such very 
similar substances the relative strengths may vary considerably with the solvent. 

Fig. 2 shows the results for positively (jharged acids, for which the most 
noticeable effect is the grouping of the curves according to the type of ammonium 
ion. Thus the curves for the primary ammonium ions are steeper than those 
for the secondary, which in turn are steeper than those for the tertiary ions. 
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la 3 are given for compariBon some results for acids of the two types 
mentioned above and also for negatively charged acids. Benzoic acid has 
been used as standard for all the acids, hence equations (3) and (5) are applicable. 
For negatively charged acids the effect of the separation of the electrical charges 
in the basic molecule plays an important part in determining the dissociation 
constant, but since this effect has been shown by Bjerrum* to depend upon 
the dielectric constant in a similar way to the otht?r electrical effect we may 
still expect the variations in log K,. to be proportional to 1/D. 



The results summarized above show clearly that variations in the relative 
strengths of acids in different solvents are determined by electrical forces 
which may be related to the dielectric constants of the solvents. It is therefore 
possible to split up the relative strength of an acid into two terms (1) that due 
to electrical forces, (2) the intrinsic strength. The latter is independent of the 
solvent and affords a true measure of relative acid strength. The intrinsic 
strength of an acid may be obtained by employing the fact that it is the relative 

• ‘ Z. phy». Chem.; vol. 106, p. 219 (1923). 
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strength of the acid when electrical forces are inoperative, that is to say, in a 
solvent of infinite dielectric constant. Such a solvent is, of course, non- 
existent, but in view of the linearity of the curves shown in the figures it is 
proposed to derive values of the intrinsic strength by extrapolation of the 
curves to 1 /D 0, an extrapolation which is fortunately comparatively short. 



In Table I are given values of the logarithms of the intrinsic strengths of 
the uncharged acids already considered. 

The data are inevitably scanty, and as the lines are determined only by 3 
points the extrapolated values are not very reliable, nevertheless certain 
interesting facts emerge. Thus, compared with results for water, picric acid 
has become much weaker, whereas o-nitrobenzoic acid has become stronger ; 
1.3.5 dinitrobenzoic acid is seen to have the same intrinsic strength as 
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Table I. — Intrinsic Strengths of Acids. 


Add. 

log A. 

Add. 

log A. 

Nitric 

5*5 

Salicylic 

1*0 

Tdohloraoetio 

40 

p-nitrobcnnoic 

0*55 

Trichloro butyric 

3*4 

ta-nitrobcn zoic 

0*5 

Biobloraoetic 

! 2*8 

Fonwio 

0*1 

1.2,4 dinitrobensoic 


Bcoaoic 

0*00 

Picric 

I 2*1 

Phcnylacetic . . . , 

—0*1 

c-nitrobencoic 

! 2*1 

Acetic 

-^0*7 

Trinitrocresol ' 

1 1-7 



1.3.5 dinitrobcnaoic 

1 10 




salicylic acid, while 3,2.4 dinitrobenaoio acid is much stronger. The differ- 
ence in strength between o-nitrobenzoic acid and the m- and p- acids is very 
marked^ and it will be interesting to obtain data for other substituted benzoic 
acids. 

The values for the positively charged acids are not tabulated, since the 
steepness of the curves, in fig. 3, renders extrapolation rather uncertain and 
C/Onsiderably magnifies the effect of small errors in the data. It can, however, 
be shown that the intrinsic strengths are of real significance for the comparison 
of structure and acid strength. It is well Icnown that the introduction of an 
alkyl group into the ammonia molecule increases the basicity of the molecule 
but this effect is not regular. The order of basic vstrengths (deduced from the 
dissociation constants in water) is NH, < prhnary amine < secondary amine 
> tertiary amine. Now we have seen that the variation in the relative acid 
strengths of the ammonium ions depends upon the degree of substitution, and 
that the relative strengths of the primary ammonium ions decrease more 
rapidly with decrease in dielectric constant than do the relative strengths of 
the secondary ammonium ions, and in turn these decrease more rapidly than 
the relative strengths of the tertiary ammonium ions. It therefore seems quite 
probable that the order obtaining in aqueous solution is accidental and not 
the true order of the intrinsic strengths. 

Unfortunately no data are available for the strengths of the aliphatic amines 
in the alcohols, but if we assume that the variation of log with dielectric 
constant is the same for the alkylammonium ions as for the anilinium ion, 
for the dialkylammonium ions as for the methylanilinium ion, and for the 
trialkylemmoxiiam ions as for the dimethylanilinium ion, it is possible to 
obtain the intrinsic strengths of the various adds from the values of in 
water^ It is obvious that values obtained in this way are liable to considerable 

2 G 


voii. cxn.— A. 
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error, but they may still be expected to possess a sexni-quantitative significance. 
In Table II are collected the values of — log K, (the relative strengths in 
water taking the pyridinium ion as standard) and of — log A (the intriusix* 
strengths for D ^ oo ) f or certain alkylammonium ions. 


Table II. — Intrinsic Stnmgths of Substituted Ammonium Ions. 


i 

Methyl. j 

Kthyl. 

Propyl. 

Ifinbutyl, 


j Kr. ' 

1 — hvjr A. ' 

—log Kr- 

! -log A. 

1’ . ^ 

j —log Kf. 

j -log A. 

-logK,. 

! --log A. 

NH/ ..J 

4 06 i 

3*20 

405 ' 

3-20 

4*05 

3-20 

4*06 

3 20 

Mono- .... 

616 

436 

6*66 

4-75 

6-43 

1 4*65 

5*25 

4*45 

Oi- 

6-46 

4*90 

5*85 

6-40 

5*78 

5*30 

1 6-44 

4*90 

Tri* 

4*67 

4-76 

5 05 

i 

585 

5*50 

6-70 

6*17 

5*35 


Except for the methylammonium ions the anomaly observed in aqueous 
solution disappears when the values of the intrinsic strengths are adopted and 
the order of acid strength is seen to be tri < di < mono < 

For a study of the effect of substitution upon the strengths of the acids wc 
mxist also take into account the fact that the various ions have different 
numbers of ionkable hydrogen atoms attached to them and in consequence 
the value of log for the ion must be decreased by 0 • 6 (log 4), the values 
for the primary ammonium ions by 0*48 (log 3), and those of the secondary 
ammonium ions by 0*3 (log 2). Without further data, however, no exact 
study can l>e made. 

We may consider finally the intrinsic strengths of negatively charged acids. 
According to Bjerrum’s theory the second dissociation constant of a dibasic 
acid will be a quarter of the first dissociation constant due simply to the 
statistical effect of differing numbers of protons attached to the acid and basic 
molecules. In addition Bjerrum has shown that if the distance apart, of the 
two carboxyl groups is r A. 

kDTr' 

TWb expression is clearly of the same form as the equations already employed 
and the electrical effect should be zero when D = oo , hence the intrinsio 
strengths corresponding to the first and second stages in the dissociation of a 
dibasic acid should differ only by the statistical factor of 4. This is actually 
found to be true for suberic acid, but for fumaric acid the difference is greater 
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owing undoubtedly to a direct influence through the molecule of one oarboxy 
group upon the other, 

Ebert* who made the determinationij of the dissociation constants of the 
dibasic acids in methyl alcohol came to the conclusion that for both suberic 
and furaaric acids there was another non-electrical term in addition to the 
statistical factor, but the values he adopted for the dissociation constants of 
suberic acid in water seem to be unreliable. 


Stmmary. 

It has been shown that, although the relative strengths of acids vary con- 
siderably with the solvent, the variations depend upon the dielectric constant, 
and the data for acids in water, methyl and ethyl alcohols are all in accord 
with the relation 

A)ogK,.ac A (1/D). 


It is suggested that the intrinsic (relative) stningth of an acid is the value of 
its relative strength in a medium of infinite dielectric constant, and on this 
basis values of the intrinsic strength of some acids are derived by extrapolation. 

♦ * Ber, deuts. chem. Gea.,* voL 58. p. 175 (1025). 


2 O 2 
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The Effect of Water Vapour on the Diffusion Coefficients of Ions m 

Nitrogen and Oxygen. 

By J. J. Nolan and k. C* Galvin, University College, Dublin. 

(Communicated by A. W. Conway, F.E.S. — Beceived December 12, 1932.) 

In a previous paper’*' an account has been given of an investigation of the 
effect of water vapour on the diffusion coefficients and mobilities of ions in 
air. It was found that os the concentration of water vapour in the air varied, 
the values of the diffusion coefficients for positive and negative ions showed 
rather wide oscillations. These oscillations appeared to be of an irregular 
character, but a long series of experiments showed that the values of the 
coefficients found for any vapour pressure could be reproduced with a con- 
siderable degree of accuracy. In a subsidiary investigation, it was found that 
the mean mobilities of the ions varied in the same way with vapour pressure, 
if the fields to which the ions were exposed were less than about 1 *4: volts per 
centimetre. In stronger fields the oscillations were suppressed, the mobility 
values plotted against vapour pressure lying on a smooth curve. 

The method used for the determination of the diffusion coefficients was 
practically the same as that originally used by Townsend. The chief difference 
was the employment of only one long and one short tube for the capture of 
the diSusing ions, instead of the sets of 24 tubes in parallel used in Townsend*s 
apparatus. The ionization was produced by a-particles from polonium. A 
rather small volume of air, enclosed and kept at a definite humidity, was 
passed alternately through the long and the short tube, after exposure to the 
a-radiation, and the diffusion coefficient was calculated from the ratio of the 
concentrations of the ions in the issuing air by the use of Townsend’s formula. 

With this method of working, there will be an accumulation in the air of 
ozone and oxides of nitrogen formed by the action of the a-particles,t Since 
the influence of these bodies on the ionization has been established,:]: it seemed 
possible that the periodic variation in the diffusion coefficients might be caused 
by their presence. The examination of nitrogen and oxygen separately was 

♦ J, J. Nolan and T, E. Kevin, ‘ Proc. Boy. Soc.,* A, vol. 127, p. lo5 (1930) ; hereafter 
cited as I. 

flind, ‘*Tlie Chemical Effects of Alpha Particles and Electrons,'* 2nd ed, (1928), 
pawim. 

t Tyndall, Grindley and Sheppard, ' Proo. Roy, Soo,,* A, vol. 121, p, 18S (1928). 
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therefore undertaken* The apparatus was, in the main, similar to that 
already used fox air, and the few modifications introduced will appear in the 
following description. 

Nitrogen. 

The nitrogen was generated by heating a solution containing equal parts of 
sodium nitrite and ammonium sulphate. It was purified by slow passage 
through a train of towers containing, first, broken glass and dilute sulphuric 
acid, then broken glass and a concentrated solution of potassium bichromate 
and sulphuric aiid. It was then dried by bubbling through strong sulphuric 
acid and passage over phosphorus pentoxide. In the process of filling, the 
apparatus was evacuated and the nitrogen was allowed to pass slowly in until 
atmospheric pressure was reached. This process was made easy because the 
generation of the nitrogen, once it had begun, proceeded very quietly without 
further application of heat, the reaction being exothermic. The evacuation 
and filling were repeated ten times and the generating and purifying train was 
then cut off from the rest of the apparatus. Humidity control was obtained 
by circulating the nitrogen for several hours through the apparatus, part of 
the circuit including a long horizontal vessel containing a sulphuric acid solu- 
tion of a known strength. This circulation was achieved by a mercury oscil- 
lating pump.* For each value of the humidity the apparatus was refilled, in 
order to make sure that the purity of the gas was not being affected by small 
leakages. 

The details of the determination of the diffusion coefficients are given very 
fully in the previous paper I, and need not be repeated here. The values found, 
adjusted to 15° C. and 760 mm, mercury pressure, are plotted in fig, 1 and a 
few sample readings are given below. 


Nitrogen. 


Water vapour presaure 
mm, Hg. 

Diffusion 

oeffioienta. 

D+. 

1)-.. 


0-0404 

00510 

6*37 

o-osao 

— 

5 44 

_ 

0 0488 

14«00 

0-043S 

0 0456 


* DomieUy et a/., * J. 8oo. Chem. lad. Trans.,’ vol. 46, p. 437 (1927). 
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The corresponding mean mobilities, calculated from K/D = 40*3 can be 
read off on the scale on the right of the figure. It is at once clear that the 
type of oscillation found with air has disappeared. The values obtained for 
the negative ions are specially steady, diminishing only slowly with increasing 
water vapour pressure. Over the range covered, only two of the values found 
lie outside the limits 0'051 and 0*048. The c,orrosponding limits for mean 
mobility are 2-05 and 1*93 cm. /sec. /volt /cm. The values obtained for the 
positive ions, on the other hand, diminish fairly rapidly at first, with increasing 



Fig, 1. 


concentration of water vapour, and then slowly increase. The final value 
obtained at a pressure of 14 mm. Hg is higher than that found with the driest 
gas used. The limits in this experiment are, on the high side, about 0-040 
with the dry gas and 0-043 with the wet gas, and on the low side, 0-032, at a 
vapour pressure between 4 and 6 mm. The corresponding values for mean 
mobilities are 1*61, 1-73 and 1-29. 

The values for diffusion coefficients are all higher than those found by 
Salles in the only previous work on nitrogen* with which we are acquainted. 
For nitrogen supplied commercially, guaranteed 99-5 per cent, pure and dried 
by caustic potash, calcium chloride and phosphorous pentoxide, Salles found 
D 4 . = 0-0295 and D., = 0-0414. When these figures are converted into mean 
mobilities, the resulting values, 1 • 19 and 1 • 67, appear very low for dry nitrogen 
and suggest that some impurity was present in sufficient quantity to load up 
the ions. We do not, of course, claim that a very high degree of purity was 
reached in our own measurements. They are, however, satisfactory in showing 
that the oscillations found with air are absent when nitrogen alone is used. 

In comparing our absolute values with those found by Tyndall and Powellt 
and Zdenyl it must be remembered that our mobilities are mean values, and 

♦ Salles, ‘ Ann. Physique,* vol. 2, p. 273 (1914). 

t ‘ Proe. Roy. Soc.,’ A, vol. 129, p. 162 (1980). 

+ ‘ PhyB. Rev.,* vol. 38, p. 969 (1931). 
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that they refer to ions of age about 0*2 second. The high values found for the 
negative ions and their small variation with varying humidity suggest that, 
for these ions, we are dealing with something relatively simple. It may not 
be without significance that^ the value which we find for the dry gas (2*05) 
is practically identical with what one would obtain by ext^ending Powell and 
Brata's* mass-mobility curve for nitrogen to the condition where the makas of 
the ion is large compared with that of the gas-njolecule. 

Oxygen. 

This gavs was obtained commercially and was stated to bo 98 per cent, pure, 
the remaining 2 per cent, being nitrogen. No attempt was made to remove 
the nitrogen. The processes of filling and humidity control were practically 
the same as those described for nitrogen. 



It was at once found that the diffusion coefficients for this gas showed very 
wide variations for small changes in water vapour pressure. It was decided 
therefore to work over a restricted range of vapour pressures. The results 
obtained are shown graphically in fig. 2. The lighter curves in the figure are 
♦ ‘ Froc. Roy. Soc./ A, vol. m, p, 117 (1932). 
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taken from the previouK paper and refer to measurements made on air. As wiU 
be seen, the oscillations previously found with air reappear. While there is no 
general parallelism between t/he two sets of curves, there are a few points of 
resemblance, the most notable of which is the set of values obtained for positive 
ions at about 2 mm. pressure. The very sudden rise and fall in the case of air 
coincides exactly with a similar variation of still wider amplitude in the case 
of oxygem 

In view of the character of these variations, it has not been thought profitable 
at present to extend the observations on oxygen to a wider range of himiidity 
values. The results obtained support the view that the oscillations previously 
found with air arc caused by the formation of such bodies as ozone and oxides 
of nitrogen by the action of the a-particles. How these bodies affect the iotis 
60 os to cause the mobility values to rise and fall with variations in water 
vapour pressure is, of course, not yet clear. In tlu' general study of mobility 
problems, these bodies and the effects they give rLse to introduce an undesirable 
complication and are therefore to be avoided. But their existence must be 
recognized in the study of atmospheric ionization. About half of the ionization 
of the lower atmosphere is due to a-particles,* The products of the so-called 
chemical action of the radiation may not accumulate in the atmosphere to the 
same extent as they do in a closed vessel, but they are certainly present in 
sufficient proportion to affeert the mobilities of the ions. The results of the 
previous work show that, exc^ept where the atmospheric field is greater than 
1*4 volts/cm. there will be a loading and unloading of the ions, as the atmo- 
spheric humidity varies. And it is to be expected that, not merely in the matter 
of variations of this type, but in other resi>ectfl, will the actual behaviour of 
ions in atmospheric air differ from their behaviour in a highly purified and dried 
gas. 

Suimfmry, 

(1) The diffusion coefficients of ions have been measured in nitrogen, con- 
taining water vapour at different concentrations. Oscillations previously 
found with air were not observed. 

(2) When observations were made in oxygen the oscillations reappeared. 

(3) The effects in air and oxygen are attributed to the formation of oxides 
of nitrogen and ozone by the action of oc-particles. 

* V. F. “ The Jfilectrical Conductivity of the Atmosphere,” English ed., p. IftB 
( 1928 ). 
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By K. E. M. Mallook, M.A. 

(Communicated C. (t. Darwin, F.K.8. Received March 31, 1933). 

Introdncfion, 

1. In connection with many problems of engineering and physics it is neces- 
sary to solve sets of linear algebraic simultaneous equations involving a large 
number of unknowns ; for instance in the determination of secondary stresses 
in bridges and other structures sets of equations involving from ten to twenty, 
or oven more, unknowns may occur and the labour involved in the solution 
when the number of unknowns is more than about six is very great. 

Various attempts have been made to design a machine which will solve 
such equations automatically and quickly, but, as far as the author knows, 
none of them has been really successful. 

From time to time the autlior tried to design an electrical machine operating 
with direct current, but met with no success ; however the reasons that 
caused the failure of any direct current arrangement led him to consider the 
use of alternating current, and immediately it appeared that it would be 
possible to make a machine in which a fair degree of accuracy might be expected. 
Shortly, such a machine consists of a set of alternating current transformers 
each with a number of windings, the unknowns being proportional to the 
fluxes in the transformers and the coefficients to the numbers of turns in the 
windings, and can be operated from any ordinary alternating current mains. 
It was recognized that owing to the resistance in the windings ('onsiderable 
errors would occur and various schemes for reducing tliese errors were con- 
sidered : two of those, of which one necessitates a seriea of approximations 
being made by the operator and the other applies the corrections automatically, 
have been developed and have proved successful 

An experimental machine for the solution of six equations was made by the 
author and tested early in 1931, and the tests proved conclusively that results 
quite accurate enough for most purposes could be obtained. By using the 
first of the methods mentioned above it was found that the errors in the roots^ 
after a few approximations had been made, were usually less than 0*4 per 
cent. Later the automatic correcting devices mentioned were added to part 
of the machine and it was found that sets of four equations could be solved 
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directly with an accuracy at least as good as the above ; with this arrangement 
the solution is immediate and the whole time taken is that required to set up 
the coefficients and to read off the roots. 

A machine which can deal with ten equations has now been built by the 
(lambridge Instruinont Co., Ltd., and, owing to improved design and to the 
use of better materials, the errors in tlie roots have been reduced, in favourable 
cases, to less than 0*1 per cent, of the largest root. 

With certain small additions the machine can be used for the direct solution, 
by the method of least squares, of a set of equations of condition without 
forming the normal equations. 

2. To explain the principle on which the machine operates we will consider 
the system shown diagrammatically in fig. 1, where A, T, Z, V are four small 
alternating current transformers and a^, c^, ... are coils having respectively 

Oj, -- turns, assuming for the present that in any transformer the flux 

through each turn is the same, i.c., that there is no stray flux, and that the 
voltage drops in the coils, due to resistance, are negligible. 

Each of the three sets of coils a^, Cj, ; « 3 , Cg, is 

connected in series and short circuited as shown in the diagram ; the direction 
in which a coil is connected corresponding to the sign of the symbol representing 
the number of turns. 

If an alternating voltage is applied to an independent coil on the trans* 
former A, a current will flow in the coil and will induce a flux in the core of A, 
this flux will induce e.m.f.’s and consequently currents, in the circuits aifejCjdi, 
. . . and these currents will induce fluxes in the other cores. After a short time 
a steady state will be attained. 

Under the conditions postulated the e.m.f. induced in any coil of a given 
transformer is proportional to the number of turns in the coil, and the p.d, 
of the coil is equal to the induced e.m.f. ; if, therefore, x, y, 2 , u, are the e.m.f. 's 
induced in single turns of the four transformers, the p.d. of a coU Uj will be 
and the p.d. of the four coils in series will be + biy + CjZ djU : 
since the circuit is shorted this must be aero, so that we have 


fZjX + bjy + (5j2 + djU 0 

and similarly 

f b^ + + d^u = 0 V , 

n^x + biy + C3Z f diu 0 ^ 


( 2 . 1 ) 


That is, the (uirronts in the circuits aib^Cid^, and the fluxes in the trans- 
former cores will attain such values that the equations (2.1) will be satisfied. 
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Fto. 1. — Showing diagrammatioaHy the principle of the machine. 
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It should be noticed that x, y, z, u may be taken as instantaneous values, 
so that the equations (2.1) are satisfied at every instant whatever may be 
the wave-form of the applied e.m.f. and even if the e.m.f. is not periodic. 
Further, the wave-forms of the e,m.f.’s x, y, z, w, and the applied e.m,f, will 
all be the same, and the equations will still be satisfied if we take x, y, u 
to represent the magnitudes of any specified harmonic. 

If we now measure the e.m.f.’8 induced in an additional coil on X and 
corresponding coils on Y, Z, f/, each of these coils having the same 

number of turns, we can find the ratios x/u, yjti, zju and these will be the 
roots X, y, z of the equations 

+ hy + c,z + rfj = 0 'I 


ajx -I- h^y -h t;,z + flUj “ 0 V . 


( 2 . 2 ) 


flgX + ^>87 + + <^8 = 0 J 


From this we see that an arrangement sucli as that shown in fig. 1 provides 
a method of obtaining directly the roots of a set of simultaneous equations. 
By increasing the number of transformers and the number of coils on each 
transformer the system can be extended so as to deal with any number of 
equations. 

In addition to the circuits ..., one or more circuits, such as 

which are left open instead of being short circuited, may be formed. As no 
currents can flow in these circuits they wiU not affect the fluxes in the trans- 
formers and 80 will not affect the values of x, y, z, w, due to the existing circuits. 

The e.m.f. induced in such a circuit is 

0 ( 1 ^ + ( 2 . 3 ) 

This can be measured, and from this a^x + b^y + CqZ + can be deduced, 
or, if the measuring instrument is arranged so as to give n == 1, the value of the 
latter expression can be read off directly. 

We see, therefore, that, by means of the arrangement described, a number of 
expressions such as a^x + Kl + + ... , be evaluated, when x, y, z, ... , 

are defined by a set of linear simultaneous equations. 

In this way many types of mathematical expression, which do not at first 
sight appear to have any connection with simultaneous equations, can be 
evaluated. 

For example, a set of expressions such as 

a0A + 6^ 4" c^C 4“ d^j 
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where A, B, C, D, are fixed and C 0 , d©. have various values^ can be 

evaluated. For, if the values of a^, a^, Ug, in ( 2 . 1 ) are chosen so that a?, y, 
z, u are connected by the equations 

Da; — Aw = 0 

By -Bu=-0 > , (2.4) 

Dz Cw = 0 ^ 

it is easily seen that 

+ b^y + + ==i u {wqA + bjd + CqC doD}/D. 

Hence, if the measuring instrument is adjusted so as to give u — D, the value 
of a^A 4 * 4 CqC + d^D, or of several such expressions with different 

values for a©, 6 ©, c©, d©, can be read off directly. 

This provides a quick method of checking a set of roots determined by the 
machine, A/D, B/D, C/D, being made equal to these roots and a©, 6 ©, c©, d© 
being taken to be b^, ..., ete., the coeflicients of the original 

equations, in succession. 

The results — the equation errors- so obtained can, if they are large, be used 
to enable the machine to obtain a second approximation to the roots. This 
process is valuable as, owing to various causes, there will be errors in the roots 
found by the machine and, if the equations are ilhconditioned, those errors 
may be serious, but the fact that the original equations were ill-conditioned 
will not affect the accuracy of the checking process. 

For the reason just given it is quite impossible to give any definit(j figure for 
the errors to be expected in the roots, but when the new machine is used to 
evaluate a sum of products, such as 

“h ... 4 n„A,i, 

where aj, Wj. ..., A^, A©, all lie between 4 1 and — 1 , it is found that when the 
result is not greater than 1 the average error is less than 0 - 0002 , and that with 
larger results it is slightly but not proportionately greater. 

The errors are due principally to the fact that both the resistance drops in 
the equation circuits and the effect of stray flux are appreciable, although the 
latter is very much the smaller of the two. The methods adopted to minimieo 
these errors will be discussed later and it will be shown that the former can be 
greatly reduced by means of certain correcting devices, called compensators, 

3. The machine that has been built by the Cambridge Instrument Co., Ltd., 
is designed to deal with ten equations. 
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It contains 11 main transformers,*^— one for each unknown and one for 
the constant member ; on each transformer there are 11 coefficient ©oils — 
one for each equation — corresponding to the coils Oj, a^, in fig. 1, and the 
eleventh for a purpose to be explained in § 14. 

The number of turns in circuit in each of these coils can be adjusted by means 
of a set of three lO-way switches, the ratio of this number to the maximum 
number being shown in figures near the corresponding set of switches. The 
sense in which the coil is connected is controlled by a reversing switch and is 
indicated by a + or — sign. By this means the number of turns in circuit 
can be adjusted in steps of 0*001 from — 0*999 to + 0*999 of the maximum, 
and one extra step of 0 *001 in either direction can be added by means of the 
reversing switch, which has two extra positions, so that settings of + 1*000 
and — 1 * 000 can also be obtained. 

On each transformer there are also an ex/rking coil and a search coi7, corre- 
sponding respectively to and Sg. in fig, 1, the latU^r being a unit coil, that is 
having a number of tunis equal to the maximum numla^r in a coefficient coil. 
There are other coils for use in connection with the compensator. 

Each transformer is provided with a compensator, which includes an amplifier 
and other transfonners. 

Tliere is also one transformer called the supply tramformer which is used to 
supply the exciting current to one of the main transformers, its primary is 
connected to the mains and its secondary consists of a coil with an adjustable 
number of turns, the number being adjusted by a three-figure switch in the 
same way as in the coefficient coils. 

There are two measuring instruments — the first giving the results directly 
by the deflection of a pointer, so that the accuracy is limited to about ± 1 per 
cent,, and the second consisting of a zero indicating instrument and a special 
transformer, called the inmsurir^ transformer, provided with a coil of which 
the number of turns in circuit can be adjusted by switches similar to those 
used for the coefficient coils. The turns in this coil are adjusted until the 
instrument indicates that its voltage is equal to that to be measured and the 
result is tlien shown to four figures. 

By means of selector switches the voltage in any search coil, or any other 
voltage, can be applied to and measured by either of these instruments. 

A rough indication of the magnitudes of the roots is also given by the 
relative brightness of a set of flash lamps ; as these can all be seen at the same 
time they provide a quick method of picking out the largest root. 

* The arrangement of a maohine for two equations is shown diagrammatkally in flg. 2 , 
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4. To use the machme for solving a set of equations such as (2,2) we first 
adjust the coefficients so that none is greater than 1 and all are given to three 
places of decimals, at the same time ensuimg that as many as possible are 
reasonably large ; this involves multiplying some or all of the equations by 
simple factors, and substituting for some or all of the original unknowns new 
unknowns bearing simple ratios to them. 

One transformer is assigned to each unknown and one to the constant member, 
the C/oefficient coils are adjusted so as to correspond to the coefficients, and, 
by means of a system of plugs and sockets they are connected in series, forming 
circuits, called eqtiation (drcuits, such as ctj, fej, 625 , in fig. 1 . 

A small alternating voltage is then applied to one of the exciting coils by 
means of the supply transformer, this is increased until the brightest flash 
lamp can be easily picked out, the excitation is then transferre<l to the trans* 
former corresponding to tliis lamp, and is set to a certain standard value ; 
this is desirable because with this arrangement the errors are reduced to a 
minimum. 

The roots can now be read oli in succession either, for rough results, on the 
direct reading instrument or, for accurate results, by means of the measuring 
transformer. 

To check the roots so found by the method described in § 3, coefficient coils 
on another transformer are set to the values of the roots, certain additional 
plug connections are made and a special switch is moved from “ Solve to 

Check ” ; the equation errors are then read off directly, and if these are large 
they can be tised to enable the machme to determine corrections to the roots 
already found. 

If the coefficients are given to more than three figures and the roots are 
required to a corresponding degree of accuracy, the first three figures of the 
coefficients are set up and approximate values of the roots are found as described 
above ; the equation errors are now determined, by other means, to three 
significant figures, and from these results corrections to the previous roots 
can be found by means of the machine, this process may be repeated until the 
roots are determined to the required degree of accuracy — usually about three 
figures will be found each time. 


Carnes and Eliminaiim of Errors, 

5. So far we have considered an ideal machine in which there is no stray 
flux and in which the resistance drops due to the currents in the coils are aero ; 



Electrical Calculating Madkine, 


465 

actually the resiatance dropa are large enough to cause appreciable errors, and 
we will now consider in detail the factors which determine the magnitude of 
these drops and the methods adopted to minimize them. The much smaller 
effects of stray flux are considered in § 15. 

In § 2 and § 3 x, y, ... represent the voltages per turn, while a, 6, ... represent 
the number of turns in circuit. We will now take x, y, ... to represent 
the voltage induced in a unit coil, t.e., a coelBicient coil with the maximum 
number of turns in circuit, while a, 6, ... will represent the ratio of the number 
of turns in circuit to the maximum number, so that a, 6, ... will never be greater 
than 1 ; all the equations of § 2 and § 3 will then bold without alteration. 

We will take x, y, to represent instantaneous values, x, y, ...» i, 

to be complex quantities representing the fundamental, or any harmonic, of 
the voltages and currents, the components in phase and in quadrature (leading 
90^) with the supply voltage being distinguished by the suffixes p, q, no that,, 
for instance, x = x, + jx^. Further, we will take I, H, ... to be the magnitudes 
of the fundamentals of currents 1, h, ... and X, Y, to be the voltages indi** 
cated by the measuring instrument ; the latter will be, very nearly, but owing 
to the effects of hannonics and phase displacements not exactly, equal to the 
magnitudes of the corresponding fundamentals. The miknowns in the equations 
to be solved will, as before, be denoted by x, y, z. 

The flux in the core of a transformer depends on the total ampere-turns in 
the coils and we define the magnetizing current, as being the current in a 
unit coil required to produce a given alternating flux, so that the magnetizing 
current depends on the e.m.f. induced in a miit coil. We will assume that the 
e.m.f. is sinusoidal, in which case the magnetizing current will not be sinusoidal, 
but we shall, for the present, consider the fundamental, only. 

The flux leads on the induced e.m.f, by 90° while leads on the flux by au 
angle which depends on the material of the core and the flux density at which 
it is being worked. 

The magnitudes of the components respectively in phase and in 

quadrature with x, depend on the frequency and on the dimensions, magnetic 
properties and resistivity of the core. For cores of given dimensions, working 
at a given frequency and flux density, is proportional to the loss due 
to hysteresis and eddy currents in the core, while is, roughly, inversely 
proportional to the permeability of the material. 

As it is necessary to make as small as possible we must use a material 

* If X is taken as real and positive 1^9 is negative and is positive. 

2 H 


^tOU OXL.— A. 
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with a high permeability and must ensure that the losses are kept as low as 
possible. 

With the silieon iron alloys riornmlly used for transformer con^s the maximum 
permeability is about 5000, and the eddy current loss, with plates 0*02 inch 
thick, is a small fraction of that due to hysteresis ; with a nickel iron alloy, 
such as mumetal, the maximum permeability is about 50,000, and the hysteresis 
loss is about one-tenth that in the silicon iron alloys, but the eddy current loss 
is about the same, consequently the latter is now of greater itnj)ortance than 
the former, and it is therefore^ necessary to use plates as thin as possible in 
order to make full use of the higher permeability. 

With mumetal, the material used, 1^^ is about 40 per cent, greater than 
at the maximum flux density normally usetl in the machine, this flux density 
<X)rrespouding, roughly, to the maximum permeability of the material. 

Typical curves connecting with X are shown in fig. 3. 



Fhroentag» Max. E. M.F 
Fig. 3."*-Typioal relation between magnetiKing current and voltage. 
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6. We have seen, iu § 2, that the function of the equation currents is to 
induce the neoeasaiy flux in the un-excited transformers, so that, on each of 
these, the total ampere-turns due to the equation currents must be equal to 
those due to the required magnetizing current. 



Fco. 4. — Typical relation between reeidnal magnetizing current and voltage. 


That is, taking JSC to be the excited transformer, the equation currents 
and the magnetizing currents ... are related by the equations 


“ 1 “ + ^ 8^8 — ifn^ 

<*'lh + <' 2^8 + <^ 3^3 

^ih + <^8^8 H“ ^3^8 imu ^ 


(6.1) 


and if we take into account the resistance drops in the equation circuits, but 
still ignore the eflects of stray flux which, as we shall see later, are considerably 
smaller, the equations (2.1) must be replaced by 


a^x + b^y + c^z + d^u = r^ii 

b^ “f* OjZ d" daW == r^i;^ j 


( 6 . 2 ) 


where fj, r,, are the resistances of the three equation circuits. 
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In practice E is not measured but is adjusted so as to bring the largest of 
X, Y, Z, U to a certain standard value, so that, as we are not concerned with 
the value of we can ignore the last two equations and take either X, Y, Z 
or U to be known. 

The equations (6.1), (6.2) and (6.3) all apply to the instantaneous values of 
the currents and voltages involved, and they will therefore also apply if v e 
replace t, x, ... by 1, x, y, ... representing the complex values corresponding 
to the fundamental or to any harmonic. 

If we consider only the equations corresponding to the fundamental we can 
assume that depend respectively on x, y, z, u, as explained 

in §5, so that the six equations (6.1) and (6.2) involve six imknowns — three 
of the voltages x, y, z, u and the three equation currents Ij, 1$ ; the values 
of all the unknowns are therefore determinate. 

7. The equations (6.2) differ from (2.1) owing to the presence in each of a 
term so that if (2.1) are to be satisfied as nearly as possible the resistance 
drops, must be made as small as possible. As these resistances are made 
up of the resistances of the coefficient coils, while the equation currents are 
related to the magnetijsing currents by (6.1), the transformers must be designed 
so that the average, and therefore the maximum, values of these resistances 
and currents are as small as possible ; more exactly, if jB(mftx.) i® th© resistance 
of a coefficient coil set to the maximunx number of turns, the ratio 

■R(max.) Im (max.) /X( max.) 

should be as small as possible, and it can be shown that for similar transformers 
this is roughly proportional to n/nW*^, where n is the maximum number of 
equations that can be dealt with, [jl is the effective a.c. permeability and W 
is the weight of the core. Hence, as mentioned in § 6, it is necessary to use for 
the cores a material with the highest possible permeability, but it is impracticable 
to obtain much reduction of the above ratio by increasing the size of the 
transformers. 

As the method of measurement used only takes account of the in-phase 
component of the voltage it is the in-phase compoumt of i,,, corresponding 



Slectrioal Caieulating Machine, 


409 


to the energy loss in the core, that must be made as smaU as possible, although 
it is, for various reasons, necessary to keep the quadrature component reason- 
ably small as well. In the experimental machine i2(,nnx.) is 

about 0-015, and in the new machine it is about 0-0021. 

It can be shown that when the equations are ill-conditioned the errors 
in the roots may be much larger than this quantity, so that it is desirable to 
find some means of reducing it still further. 

Two general methods of doing this suggest themselves — ^first the introduction 
into each equation circuit of an additional e.m.f. which is forced to be as 
nearly as possible equal to so that (6.2) become 

+ bj/ + c^ + d,u == rj, — (s 1, 2, 3), 

w-here — e, is much smaller than or, secondly, the addition to each 
transformer of a unit coil carrying a current which is forced to be as nearly 
as possible equal to so that (6,1) becomes 

“f* ^8^*3 ^ ^cv* C^*l) 


where etc., are much smaller than etc. 

Methods of obtaining both these results by means of amplifiers were con- 
sidered and as the second proved to be very much the simpler it was adopted 
and has proved successful ; with a device operating in this way it has been 
found possible automatically to make so nearly equal to that, as X varies 
between 0 and X(iuttx.)» tke in-phase component of the residual magnetizing 
current, i® never greater than 0-015 Imp (max.), while the 

maximum value of the quadrature component may be three or four 
times as great. The value of iif(max.)H^max.)/X(max.), which now replaces 
I^(uiax.) Ifiip(max.)/X^inax.) is therefore about 3 X 10 

With this device, called a compensator, in operation in connection with each 
transformer we must substitute for (6.1) and (6.3) the equations 


and 


Cji| -f* 00^2 'h Vs , 

djtj 4“ 4“ ^3^3 ^ ^ 

4 ~ 03X1 4 ~ = ftflf 

—E + rgig 



(7.2) 


while (6.2) hold without alteration. 


(7.3) 
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Comparing (6J) and (7.2) we see that, on the average, *" 1 *** •• 
reduced to a small fraction of their previous values by the introduction of the 
compensators so that the equations (6.2) will be much more nearly equivalent 
to (2.1) than they were before, and the errors in the roots will be much reduced. 

From (7,2) we see that ij, and therefore the errors in the roots, will be 
the same whether a compensator is used in connection with the excited trans- 
former or not, but, irom (6.3) and (7.3), that if a compensator is used will 
be reduced from approximately to a value of the same order as i^. 

The automatic method of compensation mentioned above is described in 
§12 and § 13, and a method of compensation, in which the correct adjustment 
is obtained by a series of trials, in § 14. 


Method of Least Squares. 

8. So far we have assumed that the number of equations is eq\ial to the 
number of unknowns ; we will now consider what results will be given when 
this condition is not satisfied. We will, as before, assume that there are 
three unknowns, but that there are n equations where n may be either less than 
or greater than 3. 

If (7 is excited and all the transformers are provided with compensators 
(6.2), (7.2) and (7.3) become : — 


+ 6^ + V -f d^u =: (s 1, 2, ... , n) 


and 


ttjii -f + ... -f ^ 

fcjfj ^ 2^2 ”1” *** "4“ ^n^'n ^ 


djtj + djjij + -- + dj^n + — 


u £ . 4 - 



m) 


( 8 . 2 ) 


(8.3) 


We will consider first the case where the number of equations is greater 
than the number of unknowns. 

We saw in § 7 that the residual magnetizing currents A„ A^ are very 
small and we will therefore neglect them, considering later under what con- 
ditions this is justifiable. 
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S 


i (ax + 6^ + + du)^ j .♦ 

The conditions that S shall be a uaniinnm when u is fixed and x, y, z vary 
are 

(ax + % 4 cz 4“ dn) | 0, etc. 

[ai] == 0, (6il ~ 0, [ci] “ 0. 


or from (8.1) : 


These, however, since we are taking A,, A^ to be zero, are the equations 
(8.2) satisfied by the equation currents. 

Hence (8.1) and (8,2) show that the roots given by the machine will be such 
that 

- (ax 4- hy cz 4- du}^ J 


u being fixtHl, is a minimum. 

That is X/U, Y/U, Z/U are the roots, as given by the method of least squares, 
of the equations of condition 

a,x 4 A,y 4 c,z f d, 0 (s = 1, 2, 3, ... , n) (8.4) 

the weights, w;,, being such that ic, x 1 /r,. 

We see therefore that the machine can be used to solve a set of equations of 
condition directly, the method of setting up the equations being the same as 
in the solution of ordinary simultaneous equations, except that it is now 
necessary to adjust the resistances of the equation circuits. 

If we take the values of the weights to be fixed so that the average of the 
reciprocals is 1 we can put where is the average resistance of 

all the equation circuits, and the results we have foimd above will hold what- 
ever may be ; however, there are certain limits between which should 
lie. 

If Vj, Vj, ...» are the residuals of the equations of condition (8.4) we see 
from (8.1) that v, = r^ijumd hence that, as is varied, % x l/f„ ; since we 
are neglecting the residual magnetizing currents A^,, A^,, A^ in (8.2) it is 
essential that J^tould be large compared with them, so that must 



(aa: + fey 4- c« 4- 



repiesents, at usual. 


« 

X 


1 


(I 


-{a^ + b^ + e^ 


[r; 
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uot be too large. On the other hand it can be shown that if are large 

the effects of stray flux, which we have neglected may become important. 

It appears therefore that the best value to choose for will depend on the 
average value of the residuals, so that if the residuals are very small the 
resistances should be as small as possible, while if they are large it may be 
necessary to increase the resistances of the equation circuits to many times 
their normal values. However, a considerable latitude in the choice of 
will be possible without causing a serious increase in the errors due to the 
machine. 

9. Tlie individual residuals, the sum of the weighted squares of the residuals 
and the quadratic mean errors to be feared in the roots can all be determined 
directly by means of the machine. 

We have seen that the residuals are given by v^ =” and heiu^e if e, 

is the voltage drop in a resistance r„ forming part of an equation circuit, 
e, - u (ro/^m) so that we can, by measuring find the value of 

for each equation. The measuring instrument would usually be adjusted 
so as to give 17 — 1, and rjr^ could be chosen t-o be some simple ratio, say 
1/10 or 1/100, so that the value of would, practic/ally, be read off directly. 

The sum of the weighted squares of the residuals, can be determiiied by 
measuring the drop in a known resistance due to the external current for 

since v, = r,iju, we have [icv*] = \ and if we multiply the three 

w* 

equations (8.2) and the first of (8.3) by x, y, z, u, respectively and add, we have, 
neglecting h„ A,, A„ A„ : 

[i {ax by + oz + dw)] + = 0, 

that is, from (14.1) 

[ri*] = — 1 ,«, 

And hence 

= % [«*J, since = w,r, 

== - »•«*.• 

If therefore the external current is passed through a known resistance fg and 
the drop, e, in this resistance is measured, u being as before taken to be 1, we 
have 

[wv*] =s: — ^ e. 

*■0 


( 9 . 1 ) 
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Now it can be shown* that the sum of the weighted squares of the residuals, 
[wv^] is equal to 

[waa] [u’a5] [twwj] [wad] \ 

[wba\ [wbb\ [wbc] 

[wca] [web] [wcc\ [wed] \ 

[wda] [tvdb] [wdd] (9^2) 

j [waa\[wab] [«w j 


[wba] [wbc] 
[imi] [wd>] [i/Acc] 


and that, if is the quadratic mean error to be feared in the determination 


of X 


[wv^] 

{n — 3)e,* 


[waa] [wah] [^vac\ 
[tt46J [w?6cj 
[wca] [w6] [ww] 




(9.3) 


Comparing (9.2) and (9.3) we see that the latter represents the value of [ot*] 
corresponding to a set of equations obtained from the actual equations (8,4) 
by omitting the constant terms, and treating x as being unity, to the 
equations 

Ky + 4 ^ 0 (^^ = 1, 2. . . 1^0- (^’4) 


If therefore, we have the original equations set up on the machine we can 
determine the new t^v®] by reducing the coefficients of U to zero, transferring 
the excitation to the transformer X and measuring [^^v®] by the method already 
explained, (9.1). 

Calling this quantity we have 

j 2 _ 1 [WV*] 

* n— 3[wv*],' 


To determine «,*, e,* we merely have to transfer the excitation to Y and Z 
in turn and make the oorresponding measurement in each case. 

As the resistances of the equation circuits will be altered when the 
C7*ooeffioients are cut out it will be necessary to re-adjust them to their 
oiiginal values. 

It can be shown that the errors in the roots — that is, the errors due to the 


* Whittaker and Robinion “ The Oaloulns of Obaervations.” pp. 246, 247. 
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machine-win tend to be large when the normal equations are ill-con- 
ditioned, further, since it is necessary for the transformer corresponding to the 
constant member to be excited, large errors may be introduced if any of the 
roots are much greater than 1. For ordinary simultaneous equations, as in 
§ 3, errors due to this latter cause can be minimized by exciting the transformer 
corresponding to the largest root, byt for equations of condition this is not 
possible. 

When the roots of a set of equations of condition have been found the 
corresponding I'esiduals can be found, more accurately than by the method 
described above, by that described at the end of § 4. The residuals found 
thus may be used to enable* a second approximation to the roots to be 
obtained. 

When the mmiber of equations of condition exceeds the number of coefficient 
coils available on a transformer two iransformers can be used for any unknown. 
For instance if x occurs in 20 equations and there are only 11 coefficient coils 
on a transformer two transformers are assigned to x, and Z', say, and 10 
coefficients are set up on each. The eleventh coefficient coil on each is then 
set to its maximum and the two are connected to form a circuit corresponding 
to the equation x — x' ~ 0. 

As the roots will not satisfy any of the equations exactly, x will not be 
exactly equal to x ' ; however, as the resistance of this circuit c^n be made 
very low, so that the weight of the corresponding equation will be very large 
compared to the weights of the original equations, it is not likely that any 
serious error will be introduced. If necessary means could be provided to 
reduce any difference that there might be between x and x\ 

10. When the number of equations is less than the number of unknowns 
(8.1), (8.2) and (8.3) all hold, but in considering these equations we cannot 
neglect A*, even though they are very small, as it is now the ratios of 

these quantities to one another rather than their actual magnitudes that 
affect the values of a?, y, s. As there is no simple relation between the voltages 
X, y, z and the corresponding residual magnetizing currents — ^the 

relation, in fact, may vary greatly from one transformer to another — it is 
impossible to determine what results will be given : it is sometimes found 
that no steady condition is attained but that the voltages continually change. 

These conditions also exist when the number of equations is equal to the 
number of unknowns but the equations are not independent — ^the state that is 
approached when the equations are very ill-conditioned. 



Ekotrical CalcuUdififf Mad^ine, 


m 

Methods of Mmsuremefnt. 

11. In the ideal machine considered in § 2 the values of x, y, z, u satisfy the 
equations (2.1) at every instant, so that the wave forms of all of them will be 
the same. We might therefore measure these voltagea in any one of various 
ways. We might, for instance measure the r.m.s. values, or the rectified 
values, or the components in pliase with some specified voltage. The first two 
of these methods do not give the signs directly and the non-uniformity of the 
scales would be inconvenient, with the last method, however, the sign is given 
by the sense of the deflection and the deflection is nearly proportional to the 
voltage ; further, certain errors, due to the imperfections of the macliine, are 
eliminated if this method is used. For these reasons the last method is used. 

Two methods of measurement, which can be used simultaneously, are pro- 
vided ; in the first results are given directly by the deflection of the instrument 
and (;an be determined to within about J:: 1 per cent., and in the second a 
null method is used, the balance being obtained by adjusting switches similar 
to those used for the coefficient coils and the results being given to four figures. 


A 



Fio. 5. — Arrangemont of direct reading measuring instrument. 


Fig. 5 shows an anrangement for direct measurement. Here M and F are 
the moving and fixed coils of a wattmeter, the latter being connected through 
a high resistance to the external voltage so tliat the flux due to the current 
in them is nearly m phase with the external voltage. AB is a potential divider 
of at least 1 M U arranged so that any required proportion, PB, of the voltage 
AB can be applied to the grid of a valve C\ The current in M, which is in 
the anode circuit, will then bo proportional to and nearly in phase with the 
voltfl^e AB, and the deflection will be proportional to the component of AB 
that is in phase with the flux due to F. 

To find the values of X/U, Y/U, Z/U, which are equal to the roots x, y, z of 
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the equations (2,2), AB is first connected by means of a selector switch to the 
search coil and P is adjusted so that the deflection of the wattmeter is 1 ; 
AB is then connected in succession to Sy, iS,, and the corresponding 
deflections are equal to the roots. 

The voltage in any other circuit, such as the open equation circuit (2.3) is 
measured in a similar way. 



Fig. 6 shows an arrangement for obtaining accurate values. Here V is the 
measuring transformer, on which is wound an adjustable coil T, the ratio of 
the turns in circuit to those in a unit coil being denoted by T. 

The exciting coil, of tliis transformer may be connected cither to the 
supply transformer, in parallel with the exciting coil of the excited main 
transformer X, say, so that v = x, or to J7, the transformer corresponding to 
the constant member, so that t? = u. 

An amplifier, Ai, A 2 > and a w^attmeter, Af, F, are arranged as above, except 
that in this case a two-stage amplifier will usually be required. 

The coil T is connected, by means of a selector switch, in opposition to 
and the resultant voltage, Tv — x, is applied to the grid of the first valve, so 
that a current proportional to and nearly in phase vrith Tv — x flows in the 
moving coil M of the wattmeter. 

T is then adjusted, by means of a set of switches similar to those used in 
connection with the coeificient coils, until the deflection of the wattmeter is 
zero, so that the mean value of Tr — x is zero ; in the ideal case xjv is constant, 
so that Tv — X “ 0 at every instant and T = x/v. 

If the measuring transformer is excited so that v^x the values of T corre- 
sponding to the voltages in Sg^, Sy, will be 1, yjx, zjx^ w/x, and the roots 

X, y, z will be the ratios of the first three to the last, but if it is excited so that 
u the values of T will give the roots directly. 
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It can easily be shown that any phase displacement or distortion due to the 
amplifier will not afiect the result, provided, as we have seen happens in the 
ideal machine, the voltages are all in phase with one another. 

When the effects of resistance, etc., are taken into account the voltages are 
not all in phase with one another and their wave forms will not all be the same. 
However, it can be shown that the errors introduced by the measuring instru- 
ment will be no larger than those already existing in the voltages to be measured. 

The results given by the null method will not be affected by variations in the 
voltage of the mains, but results given by the direct reading method described 
above will be affected by variations taking place while series of readings is 
being taken. 

Compensadon. 

12. Fig. 7 shows diagrammatically the arrangement of a compensator. X 
represents one of the main transformers as in fig. 1, Uj, ... are the 
exciting and coefficient coils, whih? F and are additional coils for use in 
connection with the compensator. 



Fig, 7, — The principle of the oompentiator. 


As explained in § 7 the object of the compensator is to force a current 
to flow in a imit coil, F, called the compensating coil, being equal to the 
magnetizing current, so that the total ampere-turns due to a^, Uj, ... must 
be zero. For instance, if, when there is no compensator and the coils aj, a^, 
are open, so that no current flows in them, a voltage x from an external 
source is applied to a current the magnetizing current corresponding to 
x, will flow in ; if now the compensator, assumed to be perfect, is put into 
operation the current in is to be reduced to zero by forcing a current 
to flow in F. 

In fig. 7 J is an amplifier and XC a transformer, the compensating trans- 
former, which has the same dimensions as and is made of similar material 
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to so that when the fluxes are the same in both the magnetusing currents 
are the same. 

The coils F on X, and FC on XC are unit coils in series with one another and 
with the output circuit of the amplifier A. S* and SC are equal search coils 
opposing one another and connected between the grid and cathode of the 
valve. 

If current is flowing in some or all of aj, a*, there will be a flux 
in X and a voltage will be induced in S\ this will produce a larger voltage in 
the output circuit jF, FC and a flux will be induced in XC ; a voltage will 
then be induced in SC, opposing that in 8\ so that the grid voltage, and there- 
fore the output voltage and the current in F, FC will depend on the difference 
between the fluxes in X, XC, If the amplification is large the difference 
between the voltages in S' and SC will be small compared with that in F, i,e,, 
with that in S\ so that the fltixes in X and XC will be nearly equal. The 
current flowing in F, FC, is the magnetizing current corresponding to the 
flux in XC, 80 that it must be nearly equal to the magnetizing current 
corresponding to tlie flux in X, That is, the object of the compensator is 
nearly attained. 

XC need not be of the same size as X, provided the relative numbers of 
turns in the various coils are correctly adjusted ; if XO is made smaller than X 
there is a saving in weight, and in the amount of power that has to bo supplied 
by the amplifier. 

13. We will now consider in greater detail the operation of the compen- 
sator. 

There are several possible arrangements of the amplifier but, whatever 
arrangement is adopted, it is essential that there shall be no direct current in 
the windings of the main or the compensating transformer, as any such current 
would greatly reduce the effective permeability of the cores ; this is most 
easily effected by using an output transformer in the anode circuit. 

One possible arrangement is shown in fig. 8 : here X and XC are, as before, 
the JC-transformer and its compensating transformer, while XO is the output 
transformer of the amplifier. The instantaneous values of the currents and 
potentials at various points are indicated in the figure, v^, denoting the 
changes of the anode and grid potentials from their steady values. The 
filament circuit of the valve is not shown ; a valve with an indirectly heated 
cathode would normally be used, 

J5 is a imit coil representing one or more coils (such as E^, a^, in fig. 7) 
connected to the external source or to other parts of the machine, so that if 
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% la the current in this coil it is the object of the compensator to reduce to 
zero under all circumstances. 

T, t, etc,, refer to the various coils on the transformers, is the resistance 
of the coil Iq, R is an adjustable resistance and i? + is the resistance of 
the whole circuit RTT^T^. The impedance and amplification factor of the 
valve are S and [x respectively. 



By considering the circuits Uji) and we obtain the equations : — 

tx - Ri^ 

0^Tx + - (i? + Hd 

If i^Q is the magnetizing current, in a unit coil, of XO we have 

^mO = "h 

and lastly, and are oonnec-ted by the equation 




Eliminating i^, and ,T0 from these equations we obtain the relation 


X 


(ji< — pf 


{(pB, + ^ - (p - p) b) i, _ I 

(13.1) 


where S' ~S and p = tJT„. 

Tot convenience we will put t„o “= ft“d will write the above equation 
in the form 

as = Jus, — pi,. (13.2) 



480 


E. R. M* Mullock 


We will suppose that the plates of which the cores of X and XC are built 
are of aimilar material and of the same shape, the linear dimensions of the XC 
plates being a times those of the X plates, that all the plates are of the same 
thickness and that the total thickness of the core of XC is b times that of X. 

Under these conditions, when the flux density is the same in both cores, the 
loss per unit volume and the permeability will be the same in both, the total 
flux in XC will be ab times that in X and the ampere-turns on XC will be a 
times those on X, 

If this compensator is to operate correctly the flux densities in the two cores 
must always be equal and must correspond to the current hence we must 
make ==: aT, and must be equal to abx. If we assume that may be 
neglected in comparison with the latter condition will be satisfied if we make 
X 1 lab. 

Putting X = 1 /oft we find that 



If \k is assumed to be constant this gives a definite value for 
Hence, if has this value and — (^T the compensator will ensure that 
Xg = abx ; for the reasons given above the total ampere-turns on XC will be 
a times those on X so that + h)> therefore is zero and the 

object of the compensator is attained* 

In § 12 it was assumed that the two cores were the same size, i.e . , that oi = 1, 
and that this is the value of given by (13.3) when (x is infinite, but 

from (13.3) we also see that, if is negligible, the same results can be obtained 
when the value of jx is finite by slightly reducing 
So far we have neglected the term however this will not necessarily be 
very small so that we must take it into consideration. From (13.1) and (13.2) 
we have 

((p^ +~~ (ix - p) li + —)} i.. 

Hence, if we make 

^ + 7 •+■ 

i, will be reduced to zero. 

As neither S', m nor (A is exactly constant this does not give quite a definite 
value for M ; however, we shaU see that the maximum possible value of H is 
fixed by other considerations. 
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If certain simplifying assumptions are made, of which the most important 
are that ^ is constant and that the instantaneous value of the flux is pro- 
portional to that of the magnetizing current, it can be shown that, if each 
transforinor in the maclune is provided with a compensator, the system will be 
unstable if p is negative, and that, if (3 is positive but less than the value 
given by (13.3), the system may beconie unstable if the equations are very 
ill-conditioned. Of the above assumptions the former is probably fairly 
correct, but the latter, which is equivalent to neglecting hysteresis effects and 
to assmning that the permeability is constant, is, of course, far from being 
correct ; however the results so found suggest the conditions under which 
instability may be expected, and both results have been rotighly verified 
experimentally. 

It is found that there is a value of R for which the system is stable and the 
rej^idual magnetizing current, h ^ is small for all values of X up to 

the normal maximum, the in-phase component, Hp, varying between ± ()’015 
IfitpOnux.) and the quadrature component between Imafruax^* 

It sliould be noticed that (13.1) refers to the instantaneous values of the 
currents and voltages, so that the harmonics of (of which the third may be 
30 per cent, of the fimdamental even when x is sinusoidal) will be reduced in 
the same proportion as the fundamental. 

Typical curves showing the relation between the fundamentals of Ap, 
and that of x are shown in fig. 4. 

14. As an alternative to the method of automatic compensation described 
in § 12 and § 13 a method which does not require any valves or extra trans- 
formers may be used : the results obtained, however, are less accurate auu, 
as several trials usually have to be made, the time taken to obtain the final 
Solution is considerably longer. 

In this method compensation is effected by forming an exciting circuit 
consisting of one coeflScient coil (the eleventh coil mentioned in § 3) on each 
transformer, all connecte<l in series, and passing a definite current through this 
circuit. The number of turns in each coil is so adjusted that the resultant 
ampere-turns correspond to the voltage per unit coil that is expected in the 
corresponding transformer, the relation between voltage and turns being given 
by a table based on the known relation between magnetizing current and 
voltage. 

For the first trial any values may be taken for the expected voltages — usually 
one would be taken as and the others as zero ; the loots, that is the 

voltages of the transformers, arc then determined in the usual way, the turns 
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in the coils forming the exciting drcuit are adjusted so as to correspond to 
these voltages and a new set of roots is found. As the first set of roots will 
be roughly correct the ampere-turns on each transformer, due to the exciting 
current, will now correspond roughly to the magnetizing current so that the 
equation currents will be comparatively small and the new set of roots will be 
more nearly correct than the previous set. The turns in the coils of the 
exciting circuit are now readjusted and the process is repeated imtil the fact 
that consecutive sets of roots are equal shows that no better results can be 
obtained. 


Note an Stray Flux and Capacity Effects. 

15. We have throughout assumed that the flux through every turn on a 
transformer is the same : actually this cannot be exactly true however the 
currents may be distributed in the windings. 

When current is flowing in the compensating coil only a certain stray field 
is produced, and when currents are also flowing in the coefficient coils there 
will be an additional stray field ; the latter will induce in the coefficient 

coils, but it is found that these will be only a small fraction of the 

resistance drops. Except when the machine is being used for the solution of 
equations of condition the resistance drops in the coefficient coils are the 
direct cause of the errors in the results, so that the latter stray field will merely 
cause small changes in existing errors and may therefore be neglected. We 
need therefore consider only the stray field due to the magnetizing current 
flowing in the compensating coU, It is found that the effect of this field is to 
induce in a coefficient coil an e.m.f. which is never greater than 2 X 10“*^ X|inax.)> 
where X(,nax.) is fbe standard maximum value of X. 

When this is taken into accoimt each equation of (6.2) will have to be 
modified by the addition of a term not greater than (and, on the average, con- 
siderably smaller than) 2 (h + 1) X Ur®, n being the number of unknowns in 
the original equations. 

When compensators are not used the effect of the whole stray field is much 
less tbftTi that of the resistance drops. 

With a set of equations of condition it can be shown that the effect of stray 
flux is much the same as above, except that, owing to the fact that large in- 
phase currents are flowing in the coefficient coils, considerable errors may be 
introduced unless the measuring instrument is accurately adjusted so as to 
ignore the quadrature components of the e.mi/B, whereas with an ordinary 
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set of equations a considerable change of phase would not cause any appreciable 
errors. 

Errors somewhat smaller than those due to the stray field of a transformer 
may be caused by the stray fields of neighbouring transformers. 

16. We have throughout ignored the effects of any currents that there may 
be due to capacity between the various coils on the transformers. Such 
currents would cause resistance drops in the coils, but, as the currents and 
consequent drops would be approximately in quadrature with the supply 
voltage, they would not affect the accuracy of the results unless they were 
very large. These currents have been observed, but they appear to be too 
small to cause any appreciable errors. 
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Phase Boundary Potentials of Adsorbed Films on Metals. — Part I. — 
On the Behaviour of Oxygen on Gold. 

By Harold Kknnkth Whalley and Eric Keiohtley Rideal, F.R.S. 

(Received February 2, 1933.) 

Whilst changes in interfacial potential difEerencea owing to surface absorption 
can be measured both by thermionic and by photoelectric methods, these are 
not generally applicable to systems containing gases at relatively high pres- 
sures. That cihanges in metal gas potential differences occur when adsorption 
or surface reaction occurs was first demonstrated by Volta in measurements of 
contact potentials by a condenser method. His principle, with various 
modifications, has been employed by numerous subsequent workers, notably 
Pabroni,* * * § De la Rive,f Pellat|, Hughes, § Henning, jj and especially Dubois.^j 
Ionization of the gap between two surfaces by means of the emission from 
radioactive materials was first employed by McLennan and Burton,** * and by 
Lord Blythswood and Allen, ff but their results are discordant, the cause 
indubitably lying, as GreimacherJJ pointed out, in their use of radium salts. 
Reliable measurements of iuterfacial potential differences at liquid-gas inter- 
faces were obtained by Guyot,§§ Frumkm,[ll| Rideal and Schulman,^^] when the 
relatively short range a-particles emitted by polonium were used as the source 
of ionization. This method has been extended to the examination of metal 
surfaces by Andauer and by Joff4 and Lukirsky.*** 

On examination of the results obtained either by the various modifications 
of Volta’s method, or by that of Guyot for changes in the metal-gas potential 
differences as a result of oxidation of the surface, one is impressed by the 
smallness of the changes recorded. Andauer observed changes in the order 
of 0*1 volts when metal surfaces are reduced and oxidized, whilst the more 
recent publications of Dubois include the following values ; — 


* ‘ J. Phya. dts I’abW Rosier,* vol. 49, p. 348 
(1799). 

t “ Traits d*Electricit4,” vol. 2, p. 776, 

t ‘ Ann. Chim, Fhy»„’ vol 193 (1881), 

§ ‘ Phil. Mag,,* vol. 28, p. 337 (1914). 

1! * Phya. Rev,,* vol. 4, p. 228 (1914). 

If ‘ Ann. Physique,* vol. 14, p, 627 (1930). 


' Phil. Mag.,* vol. 6, p. 343 (1903). 
tt * Phil. Mag.,* vol. 6, p. 761 (1903). 
tt ‘ Ann. Physique,* vol. 16, p. 708 (1906). 

}§ * Ann. Physique,* vol. 2, p. 516 (1924). 

{Ill * Z. phya. Chem.,* vol. 116, p. 486 (1926). 

Hf ‘ Proo. Roy, Soc,,’ A, vol. 130, p. 269 (1931). 
**• ‘ J. Phya. Radium,’ vol. 1, p. 406 (1930). 
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Metal. 

1 

Treatment. 

P.D, change 



volts. 

Pt 

Oj cold 

004 


Os heated 

0*54 decaying to 0*30 in 35 minates. 

Au 

Oj oold 

0 U 


Og heated 

0 * 32 decaying to 0 * 30 in 15 minntOB. 


These changes on oxidation should be comparable to those obtained by 
thermionic means. We may note that for the surface of nickel, conversion to 
nickel oxide efiects a rise of 1-42 volts in the thermionic work function. It 
seems probable that the low values recorded by the investigations employing 
the method of surface potentials are caused by a lack of appreciation of the 
extreme tenacity with which oxygen is held even by platinum and gold. 
Langmuir* indeed records the observation that oxygen cannot be removed 
from platinum at 360° C. in the best vacuum obtainable. Furthermore, since 
the method of surface potentials involves the presence of a gas, and since 
measurements are usually made at relatively low temperatures, unless complete 
removal of the oxygen from both the gas and the containing vessel is effected, 
irreversible adsorption will proceed relatively quickly. 

By the method of surface potentials an attempt has been made to evaluate 
the difference in contact potential between gold and oxidized gold. 



GfM and Oxygen. 

Apparatus . — In fig. 1 is a diagram of the apparatus constructed for measuring 
alterations in the interfacial potential differences over the gold surface. The 
♦ * J. Amer. Chem. Soc.,* voL 40, p. 13W) (1918). 
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gold itself was suspended within a Pyrex bulb, and could be heated by the 
furnace which when not in use was rotated into a position well outside the 
ionized gas zone around the gold foil. 

The platinum platiniridium thermocouple (X) enabled the temperature to 
be measured, which, though not necessarily the temperature of the gold served 
the double purpose of indicating the approximate extent of heating, and 
allowing the adjustment of the heating filament current to such a value that 
the gold in successive experiments was treated in the same manner. The 
polonium deposited on a nickel disc was shielded from direct radiation by a 
brass sheath, and the conduction of heat along this sheath to the })olonium was 
greatly restricted by employing only thin strip connections. The reference 
electrode was introduced through a wide bored tap, and was insulated there- 
from by quartz attached to the electrode. The bulb could be evacuated by a 
mercury vapour pump backed by a H 3 rvac oil pump, the order of the pressure 
so attained being indicated by the appearance of a discharge tube. Before 
evacuation of the bulb, the electrode was withdrawn into the sidearm, a stout 
rubber sheath allowing this movement to be made without opening the apparatus 
to the air. 

Cleaning of the gold was attempted by preliminary evacuation, followed 
by the admission of pure ethyl alcohol vapour at a pressure of about 3 cm. 
In this vapour the gold was heated to approximately 250° C. to bum oft the 
oxygen and evacuation restarted, the heating being continued imtil a hard 
vacuum was obtained. Purified nitrogen was then admitted and necessary 
measurements token. 

The ethyl alcohol employed for the reduction of the oxidized gold was 
previously purified by repeated distillation from freshly prepared lime, and 
finally from aluminium-mercury couple. The purification of cylinder nitrogen 
consisted in forcing the gas through a porous pot immersed at the foot of a 
column of alkaline sodium hydrosulphite about 60 cm. long ; this ensured the 
formation of bubbles less than 1 mm. in diameter. The reagent employed is 
superior to pyrogallol in that it introduces no difficultly removable impurities 
— like carbon monoxide — whilst its speed of removal of oxygen is of the same 
order. This portion of the purification train was so designed that fresh 
hydrosulphite solution could be introduced without interfering with its action 
or allowing leakage of air into the gas stream. The nitrogen then passed 
over 50 cm. red hot reduced copper, and was stored over water. From the 
reservoir the gas passed over calcium chloride, 150 cm. hot copper, through 
concentrated soda solution, over 40 cm. solid soda, 80 cm, phosphorus pent- 
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oxide, filtered tiirougli 40 cm, glass wool, through 20 cm, sodium vapour at 
400® C, (with a vapour pressure at this temperature of 0*3 cm. Hg) and finally 
through a liquid air trap. 

The bulb containing the gold was supported upon ebonite pillars, and the 
whole was enclosed within an earthed cage. On a support inside the cage was 
placed a Lindemann electrometer, the shadow of the needle cast by the aid 
of a small lamp and mirror system being observed on an etched glass scale 
within a periscope. The gold was one electrode, the reference electrode being 
a calomel half element, the tip of which was closed by a gel made up of agar- 
agar in 0*1 N KCl, the concentration being the same as that used in the 
calomel half element. Adequate insulation of this reference electrode from 
the bulb was effected by an amber plug in the side arm of the bulb. Wires 
from the reference electrode and the Lindemann electrometer needle were 
brought to a mercury cup supported by quartz, and by a small electromagnet 
operating an earthed copper rod, connection between the electrometer needle 
and either the reference electrode or the earth could be established. The gold 
plate was connected through to earth by way of a potentiometer box, which 
enabled measurable potentials to be applied exactly to balance the algebraic 
sum of the interfacial potential differences, the electrometer being used as a 
null instrument. 

The ionization of the gas between the two electrodes should be great to 
ensure a steady current. This condition was satisfied over a range of about 
1 cm., the separation normally being 2 to 3 mm. 

BxperimentaL 

If the reference electrode and its intrinsic interfacial potential difference 
remains unchanged during a particular series of experiments, then any difference 
of potential applied to the plate by means of the potentiometer box in order to 
maintain the unearthed electrometer needle at zero charge is equal and opposite 
to the change in potential of the metabgas interface. 

Preliminary experiments revealed the rapidity on admission of the nitrogen 
of the adsorption of traces of oxygen present in the nitrogen which has passed 
through all the purification train except the sodium vapour column. 

That these elevations of the gas-gold potential difference were not caused 
by an alteration in the nature of the metal itself after heating was demon- 
strated by leaving the heated gold in vacuo (overnight), and admitting nitrog^ 
on the following day ; the usual rise from a low value (—690 mv.) to a steady 
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Taluo ( — 410 mv.) was observed. Nor is the rise due to contamination of 
the reduced gold surface by moisture or any other impurity from the reference 
electrode, for replacement of the calomel half-element by an outgassed carbon 
electrode did not alter the trend of the potential difference changes. Further 
proof of this effect was demonstrated with an earlier apparatus in which the 
purification of the gas was less rigorous, by heating the gold in hydrogen ; 
partial reduction of the surface occurred, as the following records illustrate :~ 



In hydrogen. 

In nitrogen. 




Before heating. | 

After heating. 

wv. 

mv. 

mv. 

72 

42 

-50 

185 

1 154 

-114 


Later experiments using nitrogen purified by the complete train as described 
in the previous section still showed this initial rise of potential difference owing 
to traces of oxygen, which must be of the order of one part in tens of millions, 
the final value being naturally dependent on the uncontrollable amount of 
oxygen admitted to the gold. The lowest value obtained of the surface 
potential of reduced gold was —1110 mv. Incidentally, during the admission 
of nitrogen this adsorption was followed by using the polonium holder as 
temporary reference electrode. Readings from such a system are approximate 
at best, disturbing factors being the unfavourable relative positions of the gold 
and the polonium holder, the disturbance of the ionized zone by turbulence 
caused by admitting the gas, and the long range of the a-particles at low 
pressures. Nevertheless, a rising of the potential difference throughout the 
period of admission was clearly marked, proving that the continued later effect 
was due* to traces of oxygen. 

The surface potential of gold cleaned with chromic acid, washed with dis- 
tilled water, pure alcohol, and redistilled petrol ether, and subsequently heated 
gently and allowed to cool was +450 mv., this value remaining constant over 
an hour. Hence, a minimum value of the potential difference between clean 
and oxidized gold is 1-50 volts, a value comparable with those obtained from 
measurements of the thermionic work function. 

The method thus appears to be capable of providing information on the 
effects of adsorbed films, though it was found impossible to retain gold in the 
reduced state at ordinary temperatures in an atmosphere of nitrogen for any 
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period of time, in spite of the most rigorous precautions against contamination 
by oxygen. This difficulty finds its parallels in previous attempts of a similar 
nature, and particularly in the observation of E-oberts* that the rat»e of con- 
tamination of a tungsten surface in helium purified by a circulation process 
was such that the accommodation coefficient increased from 0*026 to O-ll 
within half-an-hour of admission of the gas to the metal. We have found, 
however, that with due precautions gold, platinum and copper surfaces can be 
obtained in reproducible stable states (as typified by their surface potentials) 
in the presence of air and that such surfaces act as invariant substratea for 
certain supra-depositions. An account of the use of the observation to 
investigate adsorption and evaporation of surface films is given below. 


Phase Boundary Potentials of Adsorbed Films on Metals." Part II . — 
On the Behaviour of Iodine on Platinum. 

By Lewis Jacobs and Harold Kenneth Whalley. 

(Communicated by K. K. Ridcal, F.R.S. — Rectuvcd February 2, 1933.) 

We have noted that both gold and platinum on exposure to air are immedi- 
ately (covered with a film of cliemi-adsorbed oxygen. On treatment of a 
platinum surface with an oxidizing agent such as liot chromic acid or on heating 
in air to a high temperature, and subsequent rapid washing with distilled 
water, ethyl alcohol and petrol ether, the platinum is found to have acquired 
a high air-metal potential difference, the magnitude of which is dependent on 
the mode and intensity of the oxidation. Furthermore, these high values are 
found to be transitory in character and decay with time. The rate of decay 
is found to be accurately exponential in character, and a few of the uni- 
molecular velocity constants derived from the equation 

^ — kty or 4 = llog^ 
dl < ‘ AV, 

are given in Table I. 

Table I. — Temperature ca. 16" C. 


Experiment No 1 2 3 4 6 0 7 

K X 10-‘ 6 08 n-ev 6-85 8 05 0 12 1 00 3-46 


♦ ‘ Proc. Roy. 8oc..’ A, vol. IS.-), p. 102 (1932). 
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It appears probable that we are dealing with the alow unimolecular deoay 
of an unstable oxide of platinum. Indeed with strong oxidising agents the 
initial rate of change in phase boundary potential is relatively rapid and the 
complete curve <jan be separated into two exponential curves suggesting the 
existence of another but very unstable higher oxide of platinum. The values 
of k are, however, quite irreproducible, as shown by Table I, and the complete 
study of this deoay and the determination of a heat or heats of activation, as 
for iodine on platinum, was not undertaken. 

It was sufficient for our present purpose to know, from the unimolecular 
character of the curves, that the oxide slowly decomposes leaving the surface 
of platinum supporting only a very stable chemi-adsorbed film of oxygen, the 
surface potential correspondingly falling to values between 0 and 200 mv. 
against a reference electrode of platinum carrying a deposit of polonium of 
400 to 000 mv. against a similarly coated reference electrode of copper. The 
results quoted by Dubois {loc, dl.) are comparable both in form and magnitude 
with our observations, but the implication of Dubois that after the completion 
of the decay the platinum surface is free from oxygen does not appear to be 
warranted. The surface in this condition was found to serve as a nearly 
invariant substrate upon which films of iodine could be deposited and their 
rate of evaporation followed. This substrate probably consists of two layers ; 
a chemi-adsorl^ed layer of oxygen adhering moat tenaciously to the surface 
as observed with a gold surface (Part I) and a layer more readily removable 
held by the operation of Van der Waals forces, the evidence for tliis latter 
layer being given below. 


Empnadon of Iodine, 

The platinum electrode consisted of a square piece of foil 6 sq. cm. in area 
which rested during the experiments on a glass plate on a glass tripod fixed 
in a wax block inside the Faraday cage, the polonium holder being about 
3 mm. from the foil. 

When the platinum plate was flooded with 0*1 to 0*2 c.c. of a solution of 
iodine in redistilled petrol ether containing 8*66 X 10“^ gm./c.c. — ^about 
26 to 50 times the amount necessary for a monolayer on the assumption that 
the specific surface of the foil is unity — a sudden rise of potential of the order 
of 300 mv. is observed, this is followed after a short interval by an accurately 
exponential fall of the air metal potential difference until within some 6 per 
cent, of completion. As the simplest explanation we may suggest that the 
adsorbed iodine exalts the potential difference, and that the subsequent 
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evaporation of the iodine obeys the unimolecular law,* until over 90 per cent, 
has been evaporated. 

The curves in figs. 1 (a) and 1 {b) are typical of the results obtained. 



Fig. 1 (a). — Evaporation of iodine at 2ft8-67° K. V against T. 

Curve 12 3 4 

Zero 490 442 410 300 


The evaluation of the exponential constant 



1 , AV< 


-jlog 


v< - z> 
Vo-z' 


involves the estimation of a zero value Z from the form of the surface potential- 
time curves. In most experiments this was calculated from the mean of a 
series of points at constant time intervals inserted in the erjuation ; 


%A., 


kt ss log 


Yt 


V„ 


, V'f - Z 


Vt - Z Yt'-z _Yt- Yt' 

Y^Z ~ “ Vo - V'o ■ 


* Petrol ether alone oaueed email fluctuations of the p.d., but values were rapidly restored 
to normality. The petrol ether and ejcoesa iodine of the iodine solution caused slight 
irregularities only in the initial part of the exponential, this part not being shown in the 
curves in fig. 1. 



492 


L. Jacobs and H. K, Whalley. 


In other experiments where the exponential was followed nearly to its end the 
2ero was estimated by exirapolation. Table II shows the fairly close agree- 
ment between the estimated zeros after the evaporation of the iodine, and the 
initial surface potentials before addition of the iodine, demonstrating the 
nearly invariable nature of the substrate during an experiment. 



Fro. 1 (6). — Logjo AV against T. 

Curve 1 2 3 4 6 

Zero 490 442 419 399 302 


Table II. 
(1) Pt. wire holder. 


(2) Cu. wire holder. 


Experiment 

10 

u 

12 

13 

14 

16 

I 

2 

3 

4 

5 

6 

Initial surface potential 
(mv.) 

0 

so 

72 

166 

208 

108 

686 

620 

613 

469 

448 

368 

Estimated xero (mv.) . , 

0 

70 

60 

170 

183 

183 

606 

621 

600 

460 

419 

369 
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The first few curves obtained by this method showed that although the 
iodine evaporation was of a strictly exponential character, the value of the 
unimolecular constant k varied from one experiment to another. The following 
investigation was undertaken to see whether the variation of k c^ould be 
represented sufficiently well by the two variables, Z the platinum potential 
and T the absolute temperature, pennitting the determination of X the gram 
molecular heat of desorption and its dependence on Z. 


ExperimenlaL 

The air-metal potential of the platinum plate with the iodine on it was 
measured, as previously described using a copper wire, coated at its end with 
polonium, as the air electrode. 

The evaporation was studied at the five different temperatures 11*20^, 
17*17^ 21-5°, 25 ‘67®, 30-24° C. During the course of an experiment the 
temperature was maintained constant to within 0-6° C. with the aid of a 
rheostat controlled heating lamp, and frequently read to a 1/10° C., the time 
mean of the results being taken as the required average temperature. At 
each constant temperature a range of velocity constants for different values of 
Z was d(‘sired. This range of about 200 inv. for Z was found to be obtained 
sufl&ciently well if the platinum was thoroughly washed with distilled water, 
ethyl alcohol and petrol ether. 

It was found that at any one temperature k was given by the expression 

k ^ (1) 

where a, B are constants which vary with the temperature. 

The values of log^jA: were plotted against Z, and from these isothermals 
the values of logj^ k for various values of the phase boundary potential of the 
air-metal interface, Z == 100, 200, 250, 300, . . 650 were read off, and a series 
of curves logjoJfc against I/T at a constant value of Z plotted. These latter 
curves are shown for values of Z 400 , . 550 in fig. 2. 

The points on these lines are rather widely scattered about the lines, owing 
to the fact that even with careful cleaning of the platinum other foreign sub- 
stances may settle on it, causing appreciable changes in the phase boundary 
potential, and this investigation is concerned only with tlic amount of adsorbed 
oxygen on the surface. 

These curves, which represent the process of evaporation of iodine on a 
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oonstaat substrate at various temperatures, are straight lines, oonformiiig to 
the usual equation for an evaporative process. 

K 

it = Ae (2) 

where A * constant, X = gram molecular heat of desorption, R := gas con- 
stant. From equation (2) the equation of each straight line is : 

log,o k Iog,„ A - 27 —^ (3) 



J2B 336 J## JS2 3-60 

Via. 2. — Log^t k against I/T for a series of constant platinum potentials. 

The experimentally determined straight lines permit of the determinatioa 
of A and X from equation (3) for each value of Z. Both logjo A and X prove to 
be linear functions of Z as shown by figs. 3 and 4 respectively. Thus 

log,o A = 20-96 - 3-03 X lO"* Z ( 4 ) 

X = 34,990 - 46-17 Z. (6) 

From (2) and (5) the value of the unimolecular velocity constant k is found 
to be 

g«.5MW-4«-irZ 

k = Ae" 

This equatioB is identical with (1) when T is constant. 


( 6 ) 
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Tke dependence of the latent heat of evaporation on Z as revealed 1^ (5) 
is most readily interpreted on the assumption that there is a variable layer of 



JOa 300 300 700 

Pt potential (zjmt/: 

Pio. 3. — X in oal8,/gn>. molecule against Z. Equation i« X = 34,990 — 46" 17 Z. X = 0 
Z = 768. 



WO 300 300 eoo SOO 600 700 

Pt. potential Z, 

Fia. 4 .— Log]( A against Z. Equation of line is log]t A = 20*96 — 3*03 X 10~*Z) 
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oxygen or osdde on the surface and that the variation in Z may be reprinted 
by 

Z = Aq 4“ Aj 0 

where G is dependent on the adsorbed oxygen, A^, A^ being constants. 
Equation (5) is thus 

X == (34,990 -- 46-17 Ao) - 46-17 A^ 0 

exhibiting an analogy with the usual thermionic equation showing the linear 
dependence of the work function on the fraction of the surface covered. 

X vanishes entirely when Z = 758 xnv. (from (5) ), i.e., at a saturation value 
for 6. However, the surface is not found to be stable for values of Z > 660 mv. 
so that direct observation at this point is not possible. 

From equation (4) we note that for small values of Z, A is of the order of 10^’, 
falls with increasing Z, and becomes 10 when Z — 690 mv. This suggests 
that the frequency of transfer of energy by oscillation of the substrate molecules 
to the adsorbed iodine, which is undergoing the unimolecular reaction of 
evaporation, is dependent on the strength of the field. 

The rate of evaporation of iodine from gold, which had been cleaned in 
oxidking acids or by heating and allowing to attain a stable state as typified 
by a steady surface potential over hours, was determined in a few cases. 
Agreement with the previously discussed data for platinum surfaces was 
obtained in that an exponential rate of decay of elevation of potential difference 
was observed, the velocity constant rising with increasing oxygen content of 
the gold (at a constant temperature). A summary of some of the results is 
given in Table III. 


Table III.— Pt. Wire Holder. 


Experiment. 

Temperature. 

ObfM^rved 

zero. 

Calculated 

zero. 

k. 

16 

27 

120 

108 

9694 X 10-* 

17 

20 

201 

201 

1-242 X 10“‘ 

IS 

20 

245 

1 

235 

2*50 X 10-^ 
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Phase Boundary Potentials of Adsorbed FUms on Metals. — Part III. — 
The Examination of the Interaction of Copper and Iodine Vapour by 
the Method of Surface Potentials. 

By Harold Kenneth Whalley aad Eric Kbiqhtley Ridbal, F.R.S. 

(Received February 2, 1933.) 

With both platinum and gold, measurenicnts by the method of surface 
potentials revealed the fact that at low temperatures iodine is reversibly 
adsorbed on the surface of these metals on which a film of chemi-adsorl>ed 
oxygen was present, and does not penetrate into or undergo chemical reaction 
with the metal substrate. With less noble metals it is known from the work 
of Kohlschiitter and Krahenbiihl,’*' of Tanimann and especially Evans, that 
in spite of the presence of a thin layer of oxide which is invariably present, 
iodine readily attacks the metal, forming an iodide. The rate of attack 
governed by a diffusion process through an ever-increasing thickness of solid, 
and the process is of the type designated as activated, in that the temperature 
coefficient of the diffusion process is exponential in character. 

After the exposure of a sheet of copper to the vapour of iodine we might 
anticipate that the phase boundary potential would be modified both by an 
adsorbed film of iodine on cuprous iodide, which adsorbed film should be 
readily volatile, as well as by a layer of cuprous iodide on the metal substrate. 
Further, the cuprous iodide is unstable (pseudomorphous form), and should in 
course of time become converted into a true cuprous iodide lattice (idiomorphous 
form), which later may undergo a process of sintering or crystallization. Since 
the iodide of copper is a semi-conductor it might be anticijmted, from analogy 
with cuprous oxide and from the theory of formation of rectifying contacts 
suggested by Schottkyf and by WilsonJ that the full contact potential between 
the iodide and metal would not come into existence unt il the layer of pure 
insulating iodide attains a sufficient and critical thickness. Finally, if the 
idiomorphous as well as the pseudomorphous iodide form rectifying contacts 
with copper the conversion of the one into the other will affect the contact, 
potential as well os the critical thickness required. It was thought desirable 
to examine the possibility of following the growth of a semi-conductor, formed 

♦ ‘ Z. Elektroohem.; vol. 29, p. 670 (1923). 
t * Z. Phyaik,* vol. 14, p. 87 (1923). 
t ‘ Proc. Roy. Soo./ A, vol. 186, p. 487 (1932). 



498 


H. K. Whalley and E. K. RideaL 

by chemical attack at a metal surface, by the measurement of the phase 
boundary potentials^ 


ExperinhentaL 

The method adopted for determining the surface potential was identical 
with that previously described. A freshly polished copper disc after careful 
washing with petrol ether was exposed to a stream of iodine vapour at a 
pressure of 0*025 mm. in air and after different periods of time the disc was 
removed and surface potential measurements commenced. 

It was found in common with the behaviour of gold and platinum that a 
marked change in the surface potential occurred on treatment of the surface 
with iodine. The surface potential commenced to fall on removal of the plate 
from exposure to iodine vapour. Examination of a large number of potential 
time curves revealed the fact that whilst their form was in general much more 
complicated than that for gold or platinum where a simple process of evapora- 
tion of iodine took place, it was not difficult to identify and isolate three 
separate phenomena as follows. (1) An exponential fall of the potential 
difference with the time similar to that obtained with the noble metals ; (2) 
an autocatalytic type of fall of potential attributable to the conversion of the 
unstable form of cuprous iodide to the stable cuprous iodide ; the usual type 
of reaction associated with the conversion of one solid phase into another by a 
process involving the formation and growth of nuclei ; (3) finally, there was 
an irregular fall, wliich could be initiated or accelerated by mechanical shock 
or treatment with water vapour, attributed to the sintering or fracture of 
cuprous idoide crystals. 

The Evaporation of Iodine from the Iodide Layer. 

The rate of evaporation of iodine from the iodide layer on the surface of the 
copper could readily be followed, both in experiments where the autocatalytic 
change referred to above is delayed, and from surfaces of iodide which had 
already undergone the process of conversion to the idiomorphous form of 
cuprous iodide and of sintering, and were thus quite stable. The unimolecular 
velocity constants k were evaluated in the same manner as that previously 
described, whilst the thickness of the underlying layer of iodide was computed 
from the Newtonian colour of the film on the assumption that the refractive 
index was |x = 2*09. The data in Tables I and II are typical of the results 
obtained. 
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Table I. — ^Experiments on Uosintered Films. 


ExpArimont. 

Natta« of film. 

Temperature of 
evaporation. 

k X 10*960."^ 





1 

Freshly formed film fiOO A, thick 

22 

fi‘57 

ir 

(brown) 

Freehly formed film fi50 A. thick 
(reddish violet) 

22 

5-M) 


Mean k for unsiniered film === 5*54 . 


Table II. — Experiments on Sintered Films. 


In experiments III-VI a sintered film 1030 A. thick was exposed to iodine 
vapour for 47, 23, 35, 47 seconds respectively. 


Exporimezit. 

] 

Tcmjwrature of evaporation. 

k X 

1 

III 

®C. 

21‘8 

6*60 

IV 

,22*4 

5*69 

V 

22*4 

5«9 

VI 

22*4 

5-38 


Moan k for sintered film 6'60 . 10“* boc.“*. 


It will be noted that the value for the unimoleculsr constants of evaporation 
of iodine, obtained for the surface of freshly formed cuprous iodide is almost 
identical vdth that obtained from the stable cuprous iodide so that E (mean) — 
6*57 X 10~*, a value of the same order as those obtained for the rates of 
evaporation of iodine from oxidized gold or platinum surfaces. 

The Autooatdlfflio Conversion of Cuprous Iodide irdo the Crystalline Form. 

On prolonged exposure of the copper plate to iodine it is found that the 
decrease of potential with the time although initially of the unimolecular 
type proceeds after a variable period of time more rapidly, revealing a point 
of inflexion of the curve. A tjrpical curve is shown in fig. 1. 

During this period the iodine is evaporating and some species of change is 
taking place in the cuprous iodide layer, which may be identified with the 
cmivetsion of the pseudomorphous form of the iodide freshly prepared by 
direct attack into the true idiomorphous crystalline variety. From the 

2 t 


yOL. 
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previous values obtained for the process of unimolecular evaporatioa which, 
as we have seen, is identical for both forms of cuprous iodide, it is possible to 
separate the experimental curve (E) into its two constituent curves A and B. 
A represents the course of the evaporation of the iodine from the iodide sub- 
strate, and B the conversion of the iodide into the idiomorphous form, a process 



I 20 40 2 20 40 3 20 40 4 10 

Time in minutes 


Pro. 1.— B — < — h experimenUl ;A ©--I 

g ^ • Isoparated curves. 

which evidently alters the magnitude of the contact potential of one or both 
of the interfaces presented by the layer. The conversion of one solid phase 
into another when dependent on nucleus formation and growth from nuclei is 
an autooatalytic process, and curve B is found to be autocatalytic in that it 
obeys the form ; 

^«-K,AV(AV,~AV), 

IT - 1 

AVo«‘ **AVo-AV 


or 
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In fig. 2 are plotted a number of derived curves oonSiming the autocataljrtic 
behaviour of the reaction, a typical series of values obtained is given in Table 
III 



AVg ss 251 mv. Readings at 20-minute intervals. 
AVa = 195 mv. from the autocatalytio curve. 


Table III. 


JV. 

JVo- AV. 

■m 

^V. 

JV, - JV. 

Luc . 


I"8i» JV, - JV. 

mv. 

240 

7 

1-2549 

mv. 

214 

37 

0'2894 

238 

13 

1-4804 

208 

43 

0*5196 

230 

21 

1-7881 

202 

49 

0*8451 

222 

20 

0 0510 





2 I. 2 
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A number of reaction velodiy constants derived from the equatioa 

ir _ 1 AV 

* AY^ (min.) AV„ - AV 

are summarized in Table IV. 

Table IV. 


Kxperinwint No. 


Thickueetfii in A. 

1 

Temperature. 

K, X 10<. 


1 

mv. 1 




2 


500 

23 

2*30 

3 


600 

23 

1-96 

4 


600 

26 

4*23 

5 

310 

640 

20‘9 

0-65 

6 

315 

680 

20 

0-23 

7 

340 

1300 

22*3 

2*53 


The autocatalytic nature of the curves depicted in fig. 2 was found to obtain 
up to a thickness of ca. 600 A., and above a thickness of about 1100 A. in 
regions where, as will be noted, the surface potential of the iodide film varies 
with the thickness in approximately a linear manner. 

As an example of the influence of mechanical shock on the surface potential 
of a thick iodide film, a phenomenon probably associated with the fracture of 
crystals, the data in Table V may be cited. 


Table V. 


! 

Hours after formation 

Surface j^tential in 
in milliyolta. 

of the film. 

14 

177 

16 

i 173 

Hoohonical shook Ifi 

146 

Shock 16*3 

133 

17 

100 


The Variation of the Stafaoe Potential vnth the Thickness of the lod/ide Layer. 

The maximum value of the rectifying contact potential copper /cuprous 
oxide is not developed until the oxide layer attains a certain mininmim thickness. 
Schottky and Deutschmann* obtained a capacity equivalent to a thickness 
of ISOO A. for the layer. 


• ‘ Phys, Z.,’ voL 30, p. 839 (1929). 











Phm Boundaiy Potent^ of AdoorM F&m on Meteth. 50 $ 

In thb following curves Me shown the altMstion in the earn of the oohtaot 
potentiels of the system air/cuprous iodide/copper with inoreattag tibieklMm 
of iodide as determined by means of the Newtonian interference colours. 



APf 
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It wil] be observed that the contact potential is much higher for the initial 
pseudomoiphous form than for the crptalline or idiomorphoua form and that 
progressive decrease takes place as the crystals undergo growth owing to 
sintering. The change may be associated with the elimination of impurities 
such as traces of cupric iodide yielding cuprous iodide and iodine which latter 
in time diffuses away from the layer. 

The contact potential rises very rapidly with increasing thickness from GOO 
to 800 A., a region associated with great instability of the film, as we have 
noted from the irregularity in the “ constants ** of the autocatalytic process 
of recrystallization. It seems possible indeed that the film becomes increasingly 
susceptible to spontaneous crystallization as the thickness attains 700 A., 
and that with thicknesses greater than this the pseudomorphic form is not 
realizable at the temperatures employed in this investigation. 

Our thanks are due to Pembroke College, Cambridge, The Gkjldsmiths Com- 
pany, and The Department of Scientific and Industrial Research for a Scholar- 
ship, an Exhibition and Research Grant respectively to one of us (H,K.W.), 
to Trinity College, Cambridge, the Lord Kitchener National Fund and the 
Mitchell Educational Foundation of the City of London for Scholarships, 
Exhibitions and Grants (L.J.) and to the Imperial Chemical Industries for 
assistance in purchase of the necessary apparatus. 

Summary. 

A method for the investigation of phase boundary potentials at a metal 
gas interface is described. It is shown that the surface potential of gold is 
modified by as much as 1*46 volts when a film of oxygen is present on the 
surface, a value comparable to the alteration caused by an oxygen layer in 
the thermionic work function. The rate -of evaporation of iodine from the 
surface of platinum on which a film of oxygen is present is found to be uni- 
molecular in character and the latent heat of evaporation is shown to be depen- 
dent on the phase boundary potential which can be altered by oxygen. 

The evaporation of monolayers of iodine from cuprous iodide is similarly 
unimolecular in character, but the phase boundary potential between copper 
and iodine is altered by the presence of a layer of cuprous iodide. The 
magnitude of the phase boundary potential is a function both of the thickness 
and crystalline state of the cuprous iodide layer which bears certain analogies 
to a layer of cuprous oxide in rectifying contact. 
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An Elementary Theory of Electronic Semi-Conductors, and Some of 
Their Possible Properties. 

By E. H. Fowi^b. F.R.S. 

(Received February 22, 1933.) 

§ 1. IntToduciimi. 

The formal theory of electronic semi-conductorB was started by A. H* 
Wilson.f It has recently been carried further by Bronstein,;}: and has, of 
course, been applied (for example to the theory of rectifying contacts) and 
discussed in a number of other places. There is, however, I think, still room 
for a more general but quite elementary discussion of a number of possible 
models, all of which represent possible varieties of semi-conductors ; it is to 
be understood throughout that only electronic conduction is in question. 
Granted certain general quantum mechanical theorems, the elementary theory 
can be made botli simple and exact. After presenting such a version of the 
theory here, it is ray purpose to show how the proposed model semi-conductors 
can account for the positive or negative or zero Hall coefficients which are 
observed, and also for the large positive or negative thermoelectric power of 
a semi-conductor-metal thermocouple and for the sign relationships of the two 
effects. The possibility of the explanation of an abnormal sign for the Hall 
coefficient is, of course, no new thing ; it was first contemplated in the work of 
Peierl8§ on metals and at his suggestion taken over (but not elaborated) by 
Bronstein {loc, dt) for semi-conductors. But a satisfactory (even elementary) 
theory requires us to consider the conduction in a solid as a mixed phenomenon 
due to two almost independent families of electrons. This has not been under- 
taken by Bronstein or by Peierls and such a theory is given here. It may prove 
of importance in further study of semi-conductors, beyond the phenomena on 
which attention is concentrated here. 

The scope of this paper then is as follows. We give an elementary theory of 
the effective number of “ conduction ’’ electrons in model semi-conductors of 
various types. We take account both of the few ordinary electrons in otherwise 
empty levels, and of the few holes or vacancies in otherwise completely full 
electron levels which function as positive electrons. We work out for semi- 

t ‘ Proc. Roy. Sac.,* A, voL 133, p, 458 ; vol 134, p, 277 (1931). 

i ‘ Phys, Z. Sowjetunion/ vol. 2, p. 28 (1932). 

§ ‘ Z. Physik,* vol. 63, p, 266 (1929). 
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conductors, conducting partly by electrons and partly by holes, the isothermal 
Hall coefficient and the thermo-electric power of the thermocouple formed by 
the semi-conductor and an ideal metal. We thus show in detail how abnormal 
signs of the Hall effect and the thermo-electric power can be fitted into the 
theory. 

It is not the purpose of this paper to attempt to account in detail for the 
properties of any actual specimen of a semi-conductor, but rather to explore 
the possibilities of the models used. These are rather varied, and it seems 
worth while to put them on record in this way, in the hope that someone, 
who really knows the facts, will feel interested to examine whether the theoretical 
predictions and correlations, based on these models, are satisfied in practice, 
or if not, where they break down. 

§ 2. The Elemeviary Theory of a Smd-ooniuotof. 

The work of Bloch, of Peierls, and of other authors, and especially A, H. 
Wilson, f has shown that to a sufficient approximation a semi-conductor and 
its important electrons can be considered in the following way. The possible 
electron levels of the crystalline lattice of the semi-conductor in question, are 
broken up into bands of which we are interested in only two : — a lower band 
of states (suffix 2) exactly full of electrons at the absolute zero, and an upper 
band of states (suffix 1) entirely empty at the absolute zero. At the tempera- 
tures at which we are interested, there will be a few electrons in band 1 and 
a few empty states in band 2, effectively confined to the lowest states of band 1 
and the highest states of band 2. One of these empty states we may speak of as 
an occupied hole or a positive electron. The negative electron of an upper 
occupied state or the positive electron of a lower occupied hole, have energies 
and momenta which are sufficiently closely equivalent to those of a free particle 
of effective mass Wj respectively, contained in a volume V, the volume of 
the lattice considered. The states have weights Wj respectively. The 
weights tUi, tETj include the factor 2 for the spin of the electron (negative or 
positive !) and are exactly 2 for bands of lattice states formed out of atomic or 
molecular S-states, For lattice states formed out of atomic P-states and so 
on, tBTp tar, may contain extra factors {e^g,, for cubic lattice states formed out of 
atomic P-states m = 6). Strictly speaking, the effective masses mj, tn^ are 
not scalar, but symmetrical tensors of the second rank. Bronstein has shown 
how this refinement can be simply introduced, but we shall neglect it here. 


t Whom see for other relersnoes. 
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The few eleotrong in band 1 are classically free ” because they are not 
restricted from any natural transition by Pauli's principle. The few holes in 
band 2 are similarly claasically free. Since they are surrounded by full 
states, any natural transition is possible to them, such a transition being more 
usually regarded as the reverse transition by an electron. Both obey Maxwellian 
statistics, the electrons being distributed with kinetic energies increasing up- 
wards from zero at the bottom of band 1, and the holes with kinetic energies 
increasing downwards from zero at the top of band 2. Both electrons and 
hol^ move quasi-olassically through the lattice, the holes as if they were 
positive electrons, with free paths which must be calculated by quantum 
mechanical theory, but which for our purposes can be represented symbolically 
by Zj, ^2 respectively. All these statements have been fully substantiated by 
more exact theory. Accepting them, the special applications that we wish 
to make can be made very simply. 

In addition to the lattice levels we shall have sometimes to suppose that a 
limited number of impurities arc present in the lattice which, as descril>ed by 
Wilson, provide distinct isolated levels for electrons, which at low temperatmes 
may normally be either full or ernpty^ depending on the type of impurity which 
is supplied. Semi-condiictors without impurities owe their conductivity and 
other electrical properties to thermal excitation of electrons from band 2 to 
band 1. These w e shall refer to as intrinsic semi-conductors. Semi-conductors 
with impurity levels full of electrons at low temperatures owe their conductivity 
to the excitation of electrons to band 1 both frt>m the impurity levels and from 
band 2, the former predominating at ordinary temperatures. These we shall 
refer to us normal extrinsic semi-conductors. Semi-conductors with impurity 
levels empty at low temperaturcvs owe their conductivity to the excitation of 
electrons from band 2 both to the impurity levels and to band 1, the former 
again predominating at ordinary temperatures. These wo shall refer to as 
abnormal extrinsic semi-conductors. We use the words normal and abnormal 
because the corresponding models normally '' possess Hall coefiScients of 
normal and abnormal sign respectively. 

The essential first step, which may now be carried out quite simply, is the 
calculation of the numbers of free electrons and free holes. The simplification 
is naturally really only superficial, since we have made use already of the more 
complicated oonsiderations in laying down our rules of procedure. But theae 
rules are of more general scope than the coming applications, and the applica- 
tions are, in a different way, of more general scope than the rules, so it is well 
to separate them. 
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§ 3. The Free Electrons^ as a Prcblem in Dissociative EquUibfium. 

(i) Intrinsic Semi-condiju^tors.-— The equilibrium concentration of free elec- 
trons and free holes for an intrinsic semi-conductor can be simply determined 
as a classical dissociative equilibrium. 


Free electron + Free hols Bound electron. 


Suppose there are N* elec^trons in volume V in the band 2 when full, and let 
of these be excited to band L Then by the classical laws of dissociative 
equilibrium t 


N. xN, /,(T)A(T) 
^(T) • 


Here /^(T) is the partition function for a classical particle of mass with 
states of weight bTj in a volume V, and (T) the same for a mass and weight 
Wji in the lower band : g (T) is the partition function for a boimd electron in 
band 2 which is practically full. We can therefore assimilate the exact 
problem to the classical one by treating all the N'*‘ states of the band as equilva- 
lent and taking g (T) = N*. Since Nj < N* we have therefore 

N,*=/,(T)/,(T). (2) 

Take the energy zero for definiteness in the top of band 2. ThenJ 


/T 


(») 


/,(T) = (4) 

where AW^ is the width of the energy gap separating bands 1 and 2. Thus 

e- , (6) 

V fr 

which is Wilson’s result. 

(ii) Normal Ealrmsic Semi-conducts . — ^When the energy levels are arranged 
as in fig. 1, the energy levels of the impurities lying AW, above Ixmd 2, then 
at Bofiiciently low temperatures band 2 can be neglected, and the dissociative 
equilibrium is 

Free electron + Bound hale Bound deotron. 


t Cf. Fowler, “ Statistical Mechanics,*’ § 5.8. 
I Fowler, loe, eit., equation (97). 
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Thus if the energy zero is taken in the impurity levels 

No-Ni No ’ 

where Nq is the number of impurity levels in volume V. Thus when Nj Nq, 

^ ro I -jiW'/CT n\ 

V V / ^ A» ' ^ 

again agreeing with Wilson, Similar results can be obtained for the abnormal 
type. 


1 



Fio. 1. 


§ 4 . Oeneml F(ynmdwf(yr the Free Electrons, 

It will be convenient to dispose of more general fonnulce than (7) and its 
analogues, and these are best obtained, as in Wilson's papers, as follows. The 
average number of electrons in any group of levels whatever is given by 
the well-known formula of Fermi and Dirac 




(j,) 1 + 


( 8 ) 


is the energy of any level, S denotes summation over all the levels of 

( 9 ) 

the group, degenerate levels being represented by the proper repetition of 
terms in (8) : X (equivalent to the partial potential of the electrons) has to be 
fixed 80 that the total number of electrons is correct, or by equality with its 
value for electrons in another phase or group in common equilibrium. 

(i) IfUrinaic Smi-ccmduc^or^,— Energy aero at the top of band 2. 
Conditions are classical in band 1, so that throughout that band > 1. 
Thus 

( 61 ) A A 

ss S> yg-AW,/*T^ 


( 9 ) 
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Band 2 is practically full, bo that throughout that band 1. Thus 


Thus 


N* ~ Ni = S (1 - Xe'-'W) = N* - X S c*'/" 

(6S) (W) 

= N*-X/,{T). 




( 10 ) 



( 11 ) 


Combination of (11) and (9) reproduces (5). 

(ii) Nomud Extrinsic Semi-conductors , — ^Energy zero at the top of band 2, 
Electrons in band 1 from both band 2 and impurities. Denote now the 
number of electrons and holea in bands 1 and 2 by N^, Nj respectively. Then 
Nx is still given by (9) and Nj by (10). The number of electrons on the im- 
purities is Nq — Nx + Ng. Therefore 

N(> — Nj + Ng = Nq f 


it being assumed that the impurity levels lie AW, above the top of band 2. 
(If these levels are not all at the same height we should have to replace this 
by 






In the simple case it follows that 


1 4 . xe^v/.(')in 


N„ 


). 




( 12 ) 


Combining (9), (11) and (12) the equation for X is 

a V. (13) 

For any given values of the lattice and impurity constants AWj, AWj, N,, 
mj, mg, 0} and the values of X as a function of T can be easily computed 
from the formula. For small values of T the lower band states are unimportant, 
Nj a 0, Ni < No and > 1. Thus 

01 (27mifeT)’ -(aw.4-,>w.>/w Np 

X« “V’ 

X =a 0,* g-K4W,+4W,V»T 

\No/ ^ ft’ 


( 14 ) 
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Equationa (14) and (9) combined reproduce (7). For larger values of T, the 
impurity contribution is swamped by the electrons of the lower band, and we 
recover (11) and (5). 

(iii) Abnormal Endrinsic Semi-Conductors . — Energy zero at the top of band 
2. Holes in band 2 produced by electrons being supplied to the impurities 
and to band 1. 

This case differs only from (ii) in that the number of electrons on the impurities 
is Nj — Nj, so that 

Combining (9), (11) and (15) the equation for X is 

OTj (27 t%A:T)^ y -AW./rr , ^ y (ig) 


For small values of T the upper band states are unimportant, Nj = 0, Ng 
and 1. Thus 


X== 


/NqY 1 

\vl vjt* {27tmJkT)i 


g- JA\V./«-^ 


g:N„ 


(17) 


Equations (17) and (10) give 


V Iv/ * A« 


(18) 


For larger values of T the upper band states take charge and we recover (11) 
and (6). 


§ 6. Thermionio and Photwlectric Work Functions, and VoUa Contact 
Potentials for Senu-oondwtors. 

Before passing to our main subject which requires a formal introduction 
of “ free path phenomena ” we can study work functions and contact potentials 
on the basis of these equilibrium formulas. For this purpose it is wisest to 
define an energy zero independent of the level system of any particular con- 
ductor, and we take the zero as the energy of an electron at rest at infinity. 
The levels of a semi-conductor are then as shown in fig. 2. The energy of 
every level of electrons or holes in the semi-conductor is now reduced by AW, 
from its previous value. To obtain all the necessary results we have only to 
introduce the additional standard formulae 

Nf „ 2 (19) 

V X A» ’ ' ' 
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for the equilibrium conceutrstiou NJV of classical electtons outside the metal, 
aad 

I = (20) 

for the saturated thermionic current per cm*. In these formnlse mg is the 
ordinary rest mass of the electron, v its classical mean velocity at temperature 
T in free space, and r the fraction of electrons reflected when incident on the 



semi-conductor from outside. It is assumed that the energy zero falls within 
baud 1, and more strictly in a region of band 1 within which the quaai-classical 
approximations of the preceding sections are valid. Combining (19) and (20) 
we have 

I = (l-f)AT*/X, (21) 

where A — 120 amperes/cm.*, the standard thermionic constant. We have 
merely to substitute the various values of X. The change of energy zero 
multiplies every expression for X by 
(i) ItUrinsio Semi-conductor . — With the new energy zero 

X = (®1 )* (2*iY (22) 

(23) 

with X == AW, — iAWj. The effective work function is the same as that for 
an ideal metal with the top of the Formi-Dirac electron cloud level with the 
centre of the forbidden band in the semi-conductor. This equivalance has 
already been discussed by Wilsonf and we need not comment on it again here. 
It is, however, perhaps reasonable to allow oneself a wild speculation con- 
cerning the extra factor in A. It appears to be agreed (experimentally) that 

t ‘ Proc. Roy. Soo.,* A, vd. 136, p. 487 (1932). 
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for a metal r S 0, that for clean tungsten A s 60 and that A = 120 is an 
impossible value. Accepting this experimental conclusion the theory of metals 
has recently been in something of a difficulty. It seems possible that something 
of the same sort is affecting the metallic X as affects it heare for the intrinsic 
8emi-conductor> owing to the different effective properties of loosely and tightly 
bound metallic electrons. 

(ii) Normal Extrinsic Semi-cMiduclor, — (a) Low T^, Nj ^ Nj. Equation 
(14) gives X when corrected by the factor Then (see fig. 2 for x') 


I (1 ^ r) T‘ Asi * 


¥ 

(27tmi/:)* 



(24) 


(ii) — (6) Medium T, = N^. From (13) X in such a range (corrected for 
the change of energy zero) is given by 


so that 


X V uTi ^ {2nmJcTf 


I 


(1 r)ATi 6-X 


• No 1 

V Wi (27mii;)^' 


(26) 

(26) 


Equation (26) is actually the (ilassical emission formula for a conductor con- 
taining a fixed number Nq of electrons in a volume V. 

At higher temperatures we pass over, of course, to the forms of case (i). 

(iii) Abnormal Intrinsic Semi-co^iductor . — Low T, = 0. Equation (17) 
gives X when the right-hand side is multiplied by The resulting 

emission formula is 

I == (1 - r) AT-f (27) 


This queer formula, of course, holds only in a limited temperature range. 

The possibility of distinguishing experimentally between the ^AW of the 
formulee for N or x for the conductivity) and the width of the forbidden 
band has been discussed in general terms by Wilson, on the basis of comparing 
the JAW of the conductivity with the threshold of the iimer photoconductivity 
effect. While such an experimental test of the theory is not impossible, it has 
not yet been effected and may well be very difficult. The foregoing formute 
for the thermionic emission suggest the bare possibility of another test, namely, 
the test of comparing the thermionic work function with the threshold for the 
outer photoelectric effect. At low temperatures the effective threshold of the 
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outer photoelectric effect will be for all models AW^. and should therefore 
differ from x (for example for the intrinsic semi-conductor 

The reason for this value of the photcjelectric threshold is that the excited 
electrons in the upper band will be too few to affect the photoelectric yield 
curve, which will therefore be determined by the electrons near the toj) of 
band 2. 

VoUa contact polentiaU are determined in all cases by equating the X’s for 
the electrons in the two substances. As a standard of comparison we shall 
take an ideal metal with a simple Fermi-Dirac distribution of electrons, and 
shall neglect for this ideal metal all terms but those of the highest order. This 
is perfectly general and legitimate, since all we require is some definite standard. 
We shall therefore take the metal to be an enclosure in wlucli the potential 
energy of an electron is — relative to our chosen zero. It is well-known 
that for such an assembly to the specified ap})roximation 

= ( 29 ) 

where Xm thermionic photoelectric threshold for the metal. 

Wo shall define the contact potential V„* of any suhstanoe x against our 
standard metal as the amount by which the potential of x must exceed that of 
m when in equilibrium together. Let the algebraio charge on the electron be 
e. Then all the energy levels of electrons and holes alike, in substance *, 
have been raised by eV„* relative to those of the metal. Expressions for X 
for substance x must therefore be multiplied by 

e— 

The formulae for X have already been given and it will suffice to record the 
results for V,„*, all for low temperatures. 

(i) Intrinsic Semi-conductor — 

(ii) Normal Extrinsic Semi-conductor — 

=* X* - log| (yj (81) 
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(iii) Abnormal Extrinsic Semi-conduetor — 

These formulae show that the contact potentials against a metal will be more 
or less of normal type, not highly temperature-sensitive over the low tempera- 
ture range, but one can have important temperature variations of the contact 
potential as X, for an extrinsic semi-conductor changes over from one type of 
formula to another. The changes will be of the order of the change in the 
eflEective thermionic work function. 

It is perhaps worth recording that if we have two examples of the same normal 
extrinsic semi-conductor with difEerait amounts of impurity then 

--iATlog^*. (33) 

This is entirely of classical form and strictly non-metallic in type. It might 
amount to as much as 0 • 1 volt. 

§ 6. Steady States in Conductors CorUaminy both Free Electrons and Free 

Holes. 

In order to proceed further with any discussion of steady states of flow it 
is necessary to generalize the usual discussion of such states to include states 
of flow in which two more or less independent groups of particles are both 
conveying the current. We shall base our generalization substantially on 
Brillouin’s account of the metallic case,! but it is here really simplified to the 
classical theory of Lorentz and Bohr, extended to two sets of carriers. The 
whole discussion will be purely formal, expressed in terms of a free path I 
which we shall not attempt to calculate, but lor which we shall take over 
known results of the quantum theory of metals. 

In equilibrium let the number of free electrons (or holes) in one group per 
unit volume with velocity components in the range 

i,l + dl-, T), 7) + dr): c C + di: (5* + r)‘ + l?-v») 

be 

dn = (V) <*5 dti dX, =/« d«, (84) 

t Bio QuanteivitatiBtik/^ chap. 7. 

2 M 
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in which m is the effedive mass of the election. Stiictly 



( 86 ) 


where W is the energy of the state of zero kinetic energy in the group, referred 
to the chosen energy zero. Actually for out classical groups dn reduces to 

dn = m 0* i e + *•»*•>"' d? dr^ d^, 

- « dld-n dX^ (36) 

Here n is the total number of electrons in the group per unit vdhime. We 
shall throughout the rest of this paper replace the previous N/V's by the 
corresponding n’s, whenever convenient. To preserve usual forms it is wise 
to use (34) and replace it by (36) in the final formuln. 

Suppose the electrons (or holes) of a single group, of algebraic charge e, are 
subjected to electric fields F,, F, and a magnetic field H, (for short H) referred 
to right-handed axes. Then the electrons or holes move as if subject to forces 
e(F, -i- tqH), 8(F, — ^). The distribution function becomes 

(3T) 

the currents flowing are 

I. =x ie I v« ^(v) do> , I, = Je jo*4<(t;)d<o, (38) 

and to the first order in H 



Equations (39) and (40) are approximations obtained from Boltzmann’s 
equation by making d//8f = 0, taking account of collisions with the lattice. 

Now suppose we have two sets of such carriers distinguished by suffices 1 
and 2, and can (at first) treat them as independent. Then equations (39) 
and (40) apply to both types with the addition of the proper s uffix to <f>, I, 
e, m,p, and dec, and 

= i®! |«Vi («) |v*^s (») («) 

I, = jsijv* ((ii(v) dwi + Jegju* 4», (ti) d«^ 


(42) 
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All this is sufficiently obvious. The points requiring attention are to deoide 
on the proper equations of condition in any given problem, and what correction 
if any to apply for the interaction of the groups. 


§ 7. The Thermoelectric Power in a Mixed Semi-conductor. 

We wish to calculate the e.m.f. round the circuit shown in fig, 3, The 
circuit may be assumed to be of high resistance so that we may calculate the 
e.m.f. for zero current. For our ideal metal all properties are assumed to be 
independent of temperature so that the problem is to calculate the change of 
electrostatic potential along the semi-conductor for zero current when there is 
a temperature gradient. This gradient is assumed to be so small that the 


r,>P 


Sent iconductoi* 

< 


Ideal metal 

Fm. 3. — The arrows show normal direction of positive current when Tj > T,. 


equilibrium values of % and are everywhere established ; the gradient may 
be taken along the x-axis so that all variations in y vanish, and there is no 
magnetic field. The primary equation is therefore 






(43) 


The problem is now determinate since df^jdx and dfljdx ate fixed by the 
given temperature gradient. There is one small internal inconsistency. The 
assumption of equilibrium values of n everywhere implies that no charges have 
shifted BO that no space charge has built up. This implies that dVJdx = 0, 
which will not necessarily be correct. But the changes of the n’s required to 
build up the necessary space charge are excessively small and have been 
rightly neglected. 

Equation (43) can now be simply treated, ignoring variations of the I’a with 
vf. Thus it gives 

{ “ ^ ">'* + .ii. I (".».)} + { - n,vt + e^a = 0. 


t Though it i« in general necessary for us to make this approximation it is in faict not 
neoessary in this section. The integrals in which (or enters are oifectively the same 
and require the use of the acme mean value in (44) which is thus an exact oonaequenoe of 
(43). 


2 M 2 
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Remembering that is derived from a potential (F^ = —■ d <bldx) and that 
0/ftc may be replaced by 0/0T we find that 

~ + SsVaVa} = fcT jcjl, ~ («,»,) + e^, ~ («a?,)|. (44) 

We now introduce in (44) explicit formulee for 74 and 

(i) Ifdrvnm Semi-oordudtof . — 74 = given by (5) ; — Sj — s j > 0 . 

- Vi + e»Vs««] = (2* + (^) 


If we could ignore the contribution of the holes (suffix 2 ) this would reduce 
to 


<b (T,) - «I» (Ta) = - i (2i{Ti - TJ + iAW, log 5l). 

H ^ -^9 


(46) 

(47) 


Thus <h(Ti) > ®(Tj) when Tj > Tj, and the current would flow in the 
direction shown in fig. 3 for the normal direction of the positive current. The 
magnitude of the thermo-electric e.m.f. is large. For example, if ^ AW^/e =» 0*8 
volts, the e.m.f. for Tj==273° K. is approximately 0-88T/Tg or nearly 3 
millivolts per degree. The e.m.f. for such a thermocouple whose junctions 
are at 273° E. and 373° E. respectively would be as large as 0-26 volts. 

From the nature of the electronic lattice states we are forced to conclude 

that _ 

IjVj ^ (^fl) 

It follows from (46) that an intrinsic semi-conductor and a metal must alwaffs 
form a thermoooujiie teith an e.mf. of named sign, i.e., that shown in fig. 3 . 
When the holes axe taken into account the e.m.f. will not, however, be quite 
so large as that calculated above. 

(ii) Normal Extrinsic Semi-<mdiuitor.— Low T, n, — 0 . Here n^ is given 
by (7), and (44) gives 

(Ti) - <t> (T.) « - i {5 * (T, - T,) + iAW, log ^|. (49) 


This is always normal and again can be of the order of 0-1 volt for tilie 278°- 
373° E. interval. 
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If we go to Ixigher temperataree we must take and n, to be given by (9) 
and (10), and X by (13). Then (44) gives 

“ + ®8Vs«« [ = (2i + ~TW) 

+ + f ^)]. ( 60 ) 

In spite of the inequality lin{vi > we might be tempted to think that 
0O/3T might have an abnormal sign. But on examining (44) more closely 
we see that such an event requires 

3T 0T 

by an appreciable margin. But for our normal extrinsic semi-conductor 

0ni/3T > 0na/0T, 

since grows with T not only by absorbing all the electrons from band 2 
but also by taking a further positive supply from the impurity levels. Thus 
the sign is always normal. 

(iii) Abnormal Extrinsic Semi-conductor . — ^Low T, = 0. Here is 
given by (18), and (44) then gives 

<D (T,) - <I> (T,) = - (Ti - T.) + i AW, log ^}. (61) 

Since c, 0 this has the abnormal sign opposite to that shown in fig. 3. In 
the general case at higher temperatures we still have SnJdT > dnijdT, tending 
to an equality as the temperature rises. But since n, > and l{vi > {,«, we 
no longer have a definite inequality between andn,!,?,. The thermo- 
electric power of a thermocouple formed of such a semi-conductor and a standard 
metal will vanish and change sign to normal as the temperature rises. We shaU 
return to this case again after discussing the Hall effect. The general formula 
is still (60), X being given by (16). 

It will be observed that equation (43) does not, in general, make both partial 
ounents vanish. In the equilibrium case, which we have set up, there is 
therefore actually a flow of electrons in one direction in the conductor and an 
equal flow of holes in the same direction. At any particular place therefore, 
n, and n, will be increasing at equal rates. They will inozease or d im i nis h 
until the increased or diminished rate of recombmation exactly balances tbe 
contribution made by the flow. The assumption of a normal and n, is 
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tiberefore not exactly correct and a more exact theory is, strictly speaking, 
necessary and in fact, possible. It will not, however, alter the form of onr 
result and we shall therefore not stay to develop it here. 


§ 8, TAe Isothermal HaU Effect in a Minted Semi-eonducior, 

The isothermal Hall coejficient B is defined by the relation 

F, =. RHI,, (52) 

subject to the equations of condition = 0, T = const. If a is the conduc- 
tivity defined by I, = aF^ then 

Ro:-F^/HF.. (63) 

We shall ignore changes of a due to H. 

We start by recalling the formulse for one set of carriers only. Then 



The equations are obviously insoluble without two more equations of con* 
dition. These are always taken to be dff/dx = 0, dff/dy 0 for the isothermal 
case. They may be regarded as the conditions of no space charge. The 
condition df^/dx = 0, however, lies deeper even than this. It is a condition 
of uniformity of the conductor along the direction of the current. The con- 
ductor could well be a closed circuit, when a value of dff/dx 0 is unthinkable. 
Solving the last equations under these conditions we find 


8 tHn _ t 

fnv ® AT ’ 

(64) 

Rc = -L. 
m V 

(66) 

R—fci. 

8 n 

(66) 


For two sets of carriers, the uniformity condition still requires us to impose 
bath the conditions 




0 . 
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Neglecting H we then obtain, of course. 


Q Cfg 



0, ==i5i&e«2a 

• * jtT 
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(67) 


The conditions across the flow are less simple. The unifonuity condition is 
essentially inapplicable. The condition of no space charge requires 


dfti _ dn^ 
dy dy ' 


( 68 ) 


assuming that no change with y occurs in the number of bound electrons, but 
one more condition is still required. This condition is strictly that the equal 
rates of increase of electrons and holes by transport to any neighbourhood 
must be exactly balanced by the increased rate of recombination owing to the 
slight excess of electrons and holes present there. If the extra rate of re- 
combination is slow we must have (I^)i = = 0 separately. One can 

see that the exact relations must be of the form 


(Iv)i = {I.)a = K' 


' ^ 


K 


% ' 


(59) 


which we shall use without more detailed enquiry for the present discussion. 
Thus the y-equations are 


jfcT * ^ ^ * ty ^ miW dy ’ 


ifcT 




JW,A:T 




(60) 

(61) 


The elimination in the general case is not very illiuninating. We record 
only the two limiting cases 
(o) K < Hi. Then 

R0 a — fs£s^j/(c,nj — e,n,). 


This reduces easily to 


8 *1 (», +na) 


(62) 


(6) K> Tv. Then 


+ ^s«,n,). 

\ fWj Wj / / 


( 68 ) 
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The correct formula will be somewhere in between. The impogrtant factmn 
in (62) and (63) can also be put in the respective forma 

j ' 

These results can now be applied very simply to the various models. We 
see at once that an intrinsic semi-conductor and a normal extrinsic semi- 
conductor will both have a normal sign for the Hall coefficient at all tempera- 
tures. The abnormal extrinsic semi-conductor will have an abnormal sign 
for the Hall coefficient at low temperatures which will vanish and then become 
normal as the tremperature rises. On comparing tliis with the thermo-electric 
power of the same semi-conductor we see at once that there is in general no 
reason why the signs of the two effects should change at the same temperature, 
but that either could change first, so that over a limited temperature range one 
could have either combination of signs, one normal and one abnormal, for the 
Hall coefficient and the thermo-electric power. But for the models examined 
here, the theory suggests that for any substance for which either sign is abnormal 
both will become abnormal at sufficiently low temperatures. For any sub- 
stance which does not conform a still more complicated model must be used. 

As we have said before, we do not propose to attempt a detailed comparison 
with the properties of an actual substance. It is sufficient to record in con- 
cluding this paper that normal and abnormal signs have been recorded for 
both the effects here discussed, usually both normal or both abnormal though 
I believe exceptions are known. Substances of the type proposed probably 
therefore exist. But whether the necessary correlations of the effects over 
wider temperature ranges conform to the theory awaits further investigation. 

Summary. 

Wilson's theory of semi-C/Onductors is presented in a simple form and applied 
to three different models of semi-conductors. These models represent {1) 
pure substances of very small conductivity, (2) substances with impurities 
supplying excitable electrons, (3) substances with impurities absorbing excited 
electrons. The equilibrium state, thermionic and photoelectric work functions, 
contact potential, conductivity, Hall coefficients, and thermoelectric power 
are Mrorked out for all these models, using where necessary as a standard of 
comparison, a model representing an ideal metal. The signs of the liali 
coefficient and the thermoelectric power are specially examined and the possible 
appearance of abnormal signs in either or both of these effects accounted for. 
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Probability, Statistics, and the Theory of Errors. 

By Harold Jeffreys, M.A., D.Sc., F.R,8. 

(Received February 9, 1933.) 

Dr. Fisher and I seem to agree on the formal correctness of each other's 
mathematical development, when once the initial assumptions are given. 
But in the data and in the interpretation of the conclusions I can find no basis 
of agreement to use as the starting-point in a reply to his criticisms.* It seems 
to be necessary therefore for me to begin at an earlier stage and explain why 
a theory of probability is necessary, and what is the scope of such a theory. 
By “ probability " I mean probability and not frequency, as Fisher seems to 
think, seeing that he introduces the latter word in restating my argument. If 
in the process I have to repeat a certain amount of matter previously published, 
but with which Fisher shows no acquaintance, I must ask the reader’s 
indulgence. 

It is a commonplace of logic that if two propositions p and q arc bo related 
that p implies q, then q does not necessarily imply p. Yet in scientific work, 
HB in ordinary life, we habitually argue in a way that resembles in form the 
inference that q does imply p. We state a theory and develop its consequencea 
to the point where they yield deductions verifiable by observation. If these 
are found to be true, we say that the theory is ** verified ” ; further, we proceed 
to draw other inferences from the theory and to expect them to be verified 
in the future. So far as scientific and philosophical writers have considered 
this dilemma, or so far as it is possible to infer their beliefs from their methods 
of presentation, there seem to be three main attitudes. 

1. Frank belief that scientific inference is invalid. Thus Bertrand Russellf 
states two alternatives : “ induction appears to me to be either disguised 
deduction or a mere method of making plausible guesses.” 

From discussion with a number of philosophers I have found that the latter 
view is widely held ; though these philosophers show by their actions that 
they often accept inductive inferences as a basis for action, and can, if pressed, 
be brought to admit that, for some reason they do not claim to understand, 

• ‘ Proc. Roy. Soc.,’ A, vol. 139, pp. 343-348 (1933), 

t ** PrincipleB of Mathematics,” p. U. 
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this invalid proceBH does in fact usually lead to correct predictions of events 
that can be observed. Most of us have indeed met the man who disposes of 
an inference from a large number of observed instances by saying that we have 
not examined all instances. 

2. Acceptance of Russeirs first alternative. The straightforward inference 
of “ jr implies p from ** p implies q ” is impossible, but “ q implies p ” may 
be inferred from p implies q together with some other proposition or pro- 
positions. The problem then becomes to examine the nattjre of this further 
proposition. Thus Russell* says in a later publication : If induction remains 
at all, which is a difficult proposition, it will remain merely as one of the 
principles according to which deductions are effected."' There are at least 
three attempts at solution : the law of contradiction, the doctrine of causality, 
and the theory of probability. It may happen that besides “ p implies g ” 
we have “ not-p implies not-g ” ; then the verification of g establishes p. 
But it would do so equally well if we had “ not-p implies not-g without p 
implies g/’ For our purposes, however, this circumstance never seems to 
arise. An infinite number of laws will usually fit any set of observed data, 
and we are rarelj", if ever, in a position to say that no law other than one would 
fit the data. 

The alleged law of causality has been discussed elsewheret ; but so far 
as I am aware nobody has succeeded in stating it in a form that helps us in the 
least to say whai laws are causal ; and without providing such a criterion it 
remains irrefutable, but useless. 

I believe that the correct solution is in terms of probability ; that our laws 
themselves, and further observational results obtainable from them, are never 
proved, what is proved being that they have definite degrees of reliability on 
the knowledge available. 

We must notice at once that any solution on the lines of providing a means of 
generalization must involve an a priori postulate. By an a priori proposition 
I mean, as in logic, one believed independently of experience. We cannot 
prove the legitimacy of generalization by logic ; nor can we prove it from logic 
and experience together. The only type of experience that we could utilize 
in making such an inference would be the success of previous inferences by 
methods of generalization. But we cannot infer from this at any moment 
that such methods will lead to correct inferences in the future without a 

♦ ** Our Knowledge of the External World,” p, 34. 
t Jeffreys, “ Scientific Inference,” p. 209. 
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postulate* eutitlmg us to generalize our previous e:q)erience of the successes of 
generaUzation, and we are no further forward. 

There is therefore no possibility of drawing any inductive inference toUhout an 
a priori assumptiony and if any method appears to avoid such an assumption U 
must be either erroneous in prificiple or invdve some a priori assumption that the 
author has not stated and possibly lias not noticed. 

This point needs emphasis, because many critics of the theory of probability 
think that they can dispose of it by pointing out that it makes assumptions 
that cannot be proved either logically or experimentally. Any theory capable 
of justifying generalization must necessarily make some assumptions of this 
character, and the issue is whether such assumptions shall be made or general** 
ization entirely abandoned ; and, of course, science with it. I see no reason, 
however, when the h 3 rpoth 6 se 8 are clearly stated, why the rest of the process 
should not be deductive. 

3. Belief that the whole of science is a priori. This is an extreme form of 
Russell’s first alternative. It seems to be the view of most writers on the 
theory of relativity, and in particular of Sir Arthur Eddington. The usual 
process is to start with a limited number of purely a priori postulates, and from 
them to develop deductively the consequences in the form of a number of 
physical laws. I have no wish to decry the method, which has certainly led 
to valuable results. My comment is that it is only a part of scientific method, 
whereas the authors seem to think that it is the whole. I feel no a priori 
certainty in the cjorrectness of the initial assumptions (and this would be too 
weak a description of the feelings of many other scientific^, workers) but they 
have a finite probability in terms of the simplicity postulate originally stated 
by Dr. Wrinch and myself, f and restated in my “ Scientific Inference ” ; and 

♦ It might appear that such a postulate would be the principle of generalization itaelf , 
and that the argument would he a vicious circle of the type understood in ordinary speech, 
namely, an inference of the form “p implies p, therefore p.’* But whatever such a 
postulate would be it could not be this one. I^et p denote a proposition describing facts 
of observation, and ^ a propositional function such that tf> (p) means “ the facts included 
in p may bo generalized. ” Then ^ is a principle of generalization, and its possible arguments 
are a certain range of propositions. The statement that ^ has been verified in all known 
oases of its arguments is then (p = p|, pg ... p») ^p), or ^Pj), ^ (pg) ... ^Pa)- But if ^ 
was the principle needed to generalize this we should be considering the proposition 
^ {(p '^Pi*Pi» Pn)* end the propositional function ^ appears in its own argu- 

ment. Such a proposition is meaningless by the theory of types. It appears therefore 
that a postulate needed to generalize a principle of generalization could not be the same as 
the principle itself, so that the argument would not be circular in the popular sense ; 
but it remains true that we are no farther forward. 

t ' Phil. Mag.,’ vol. 42, p. 886 (1921). 
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with repeated experimental verification of the conclusions the posterior 
probability may approach (but not reach) certainty. But ao far as can be 
judged from the writings of official* relativists the experimental verification 
has nothing to do with the reasons for accepting the postulates. Otherwise 
I should have expected tliem to mention some lines of argument that, in fact, 
they never do mention. It is frequently asked whether the observed facts 
explained by the theory of relatirity and not by Newton's theory are capable 
of any other explanation ; whether the eclipse displac-ement of star images 
and the excess motion of the perihelion of Mercury are explicable by means of 
the refrac‘tion and gravitation of matter near the sun ; and whether there is 
any other form of the law of gravitation that would explain them as well as 
Einstein's. I have discussed elsewheref the possible amount of matter near 
the sun and shown that its effects on the two phenomena would be negligible. 
We cannot perhaps disregard the possibility that official relativists see some 
error in my discussion, but in that case, if their attitude on more fundamental 
issues was the same as mine, they might have been expected to produce a 
better one. I have also shown that there is no law of gravitation of simplicity 
comparable with Einstein’s (and therefore, according to our theory, with any 
appreciable prior probability) that will explain the facts ; but this result, 
which seems to be of interest to many, to judge by their questions, has not 
been thought worthy of mention by official relativists. I can only conclude 
that they are so fully convinced by the a priori argument that experimental 
evidence is unnecessary. To holders of such a view experiments become merely 
a game that some people (occasionally even the holders themselves) find 
amusing, and sometimes a means of enabling them to detect mistakes in the 
mathematics. But then the failure of a prediction must lead to one of two 
results : either denial of the experimental facts, or discovery that the original 
hypotheses, at first believed on a priori grounds with certainty, are now on a 
priori grounds impossible, and must be replaced by new hy{>othe8es, also 
believed with certainty on a priori groimds. My own attitude would be, of 
course, that apart from purely logical (including mathematical, but not 
empirical) inconsistencies, both sets of hypotheses had a finite probability 
independent of the experiments, but that the experiments show the one to be 
impossible on the new date, and give the other a high posterior probability. 

Perhaps I should apologiire for the word official ** ; but 1 ooiuider myself a believer 
in the principle of relativity, and some means is needed to distinguish me from those who 
believe it for different reasons from those that make it acceptable to me. 
t ‘ Mon. Not. R. Astr. Soo./ vol. 80, pp. 138-104 ( 1919 ). 
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It may be remarked that whether we believe them or not, the first aad third 
of these attitudes canuot be logically disproved. Taking the first, if a man 
restrictB his data to the bare facts of logic and the immediate data of sensation, 
and refuses to admit any further hypothesis, he can never get further than the 
development of pure mathematics and the description of sensation ; and the 
further hypothesis needed for generalization is certainly incapable of proof 
on these data alone. But psychologically this attitude seems to be impossible ; 
everybody does in fact make inferences by generalization, and in particular 
accepts testimony, which needs this principle to establish that difEerent people 
mean, at least approximately, the same thing by the same words. As Bussell'** 
has remarked, complete scepticism is barren, but irrefutable. 

The third belief also is incapable of disproof. However many hypotheses 
have been investigated and abandoned, the fact on this view affords no ground 
for disbelieving the one advocated at any given moment. For if we inferred 
its falsity from previous instances we should be using a principle of generalizing 
from observation, which a holder of this belief would not admit. So long as 
such a h3rpothesi8 is undisproved, we are not in a position to say flatly that it 
is false, and its author can maintain that it is certain. The real objection to 
this view, apart from personal beliefs, is its limited range of applicability. If 
it is correct, it may be possible some day to infer the ratio of the velocity of 
elastic waves at the centre of the earth to the velocity of light from purely a 
priori considerations ; but it seems likely that it will take some time, and at 
present 1 prefer to use quicker if more pedestrian methods. 

Coming to the hypotheses of Group 2 , we see that they admit the force both 
of observation and of some a priori consideration not derivable from the 
postulates of pure logic. It seems that anyone accepting the possibility of 
generalizing from e^qperience must adopt some hypothesis of this group. But 
at the start we come up against the difficulty already mentioned under the law 
of contradiction. Given the finite number of observations available on any 
occasion, there is usually more than one law that will fit them. If we have to 
decide on the observations alone we are no further forward, because these 
laws will in general give different predictions of future events. The observa- 
tions do not establish a unique inference, but a range of inferences. By pure 
logic we have no means of deciding between these, and therefore it is at this 
point that our new principle must enter. We introduce the idea of a relation 
between one proposition p and another proposition (or aggregate of propositions) 


♦ ** Our Knowledge of ihe External World,” p. 07. 



528 


H* Je&eys, 


expressmg the deqree of knowledge concerning p provided by Tins may 
amount to implication (q implies p) or inconsistency (q implies not-p), as extreme 
cases. This relation is called the probability of p given q.** The fundamental 
assumption of the theory is that probabilities are comparable in terms of the 
relations “ more probable than ** and “ less probable than,” which are tran- 
sitive. With this assumption we can proceed, by a series of conventions, 
involving no further h5rpothe8is, to the measurement of probabilities by numbers 
from 0 to 1 and to the fundamental laws connecting probabilities.* From 
these the formal development follows deductively. The principle of Inverse 
Probability, which Fisher and others habitually mention as an unwarranted 
hypothesis, becomes on this view a theorem. 

The existence of a numerical theory of probability, however, is not enough 
for practical application without some rules for deciding what numbers are to 
be put into it. The fundamental rule is the Principle of Non-sufficient Reason, 
according to which propositions mutually exclusive on the same data must 
receive equal probabilities if there is nothing to enable us to choose between 
them. This principle, considering our fundamental notion, seems to me so 
obvious as hardly to require statement ; but it is at this point that many 
writers, having proceeded correctly so far, refuse to take the necessary further 
step and render the theory sterile or confused. I have already considered 
the point at some length, t and will here only give an example. KeynesJ 
writes as follows : “ Let us suppose that there is no positive evidence relating 
to the subjects of the propositions under examination that would lead us to 
discriminate in any way between C/ertain alternative predicates. If, to take 
an example, we have no information whatever as to the area or population 
of the countries of the world, a man is as likely to be an inhabitant of Great 
Britain as of Prance, there being no reason to prefer one alternative to the 
other. He is also as likely to be an inhabitant of Ireland as of France. And 
on the same principle he is as likely to be an inhabitant of the British Isles as 

♦ In my treatment it is proved that the product formula 
P{P3'1A) ;-P(p|A)P(s^lpA) 

holds when the pmpositions are disjunctions of exclusive and equally probable alternatives, 
but I do not give a general proof. One has, however, been given by F. P. Ramsey 
(*‘ Foundations of Mathematics,” pp. 177-182). It may be remarked that many writers 
Htate the law verbally in a way equivalent to suppressing the p in the last factor. From 
this they have no difUcolty in deducing absurd results, the absurdity of which they attribute 
to the theory of probability, 

t “ Scientific Inference,” pp, 20, 29 ; ‘ Froc. Camb, Phil. 8oo„’ vol. 29, pp. 83-87 (1933). 

X “ Treatise on Probability,” p. 44 (1921), 
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of France. And yet these conclusions are plainly inconsistent. For our first 
two propositions together yield the conclusion that he is twice as likely to be an 
inhabitant of the British Isles as of France. 

“ Unless we argue, as I do not think we can, that the knowledge that the 
British Isles are composed of Great Britain and Ireland is a ground for sup- 
posing that a man is more likely to inhabit them than France, there is no way 
out of the contradiction. It is not plausible to maintain, when we are con- 
sidering the relative populations of different areas, that the number of names 
of subdivisions which are within our knowledge, is, in the absence of any 
evidence as to their size, a piece of relevant evidence.” 

Keynes here commits the fallacy, against which he argues effectively else- 
where, of supposing that the probability of a proposition is a function of that 
proposition and nothing else, instead of an expression of our state of knowledge 
of the proposition relative to particular data. Suppose, to make the issue a 
little more precise, that a man in Buenos Aires rei^eives a message to the 
effect that a European of unspecified nationality is coming to visit him. He 
must then assess the probability of the various possible nationalities with 
respec^t to his available knowledge. If his data are that Great Britain, Ireland, 
and France are three different countries, and he has no further information as 
to the number and mobility of their inhabitants, he must assess their prob- 
abilities equally, and the probability that the visitor comes from Great Britain 
or Ireland is twice the probability that he comes from France. If, on the other 
hand, he considers that the British Isles are one country, of which Great Britain 
and Ireland are divisions, he must assign to the British Isles and France the 
same probability, dividing that assigned to the British Isles equally between 
Great Britain and Ireland. Keynes’s dilemma does not exist, and is merely an 
indication of incomplete analysis of the nature of the data. 

Keynes agrees with Fisher in the belief that a probability cannot be assessed 
on our a jiriori knowledge alone, though, I think, in nothing else. But it may 
be remarked that if we can assign a meaning to a probability on experience, 
we can certainly assign one without it. Consider two propositions p and q. 
and denote our a priori knowledge by k Then 

P (j» I jA) P (g I A) = P (jBg 1 *) P (j) I A) P (} I ;»A) 

P (~jj| gA) P {g| A) « P A) P (g|~;> . A) 

and by division 

P(p|A) P(pUA)/P(g|pA) 

P(-S) " p(-pI gA)/P (g Hp • a) 



But the sum of the numerator and denominator in the expression on the left is 
unity* Hence if P(pl?h) and ¥{^p\qh)y the posterior probabilities of the 
proposition p and its contradictory on the data are known, as Eejmes would 
admit, and those of q on the h 3 rpotheses p and not -p are also known, as I think 
even Fisher would admit, P (p\h) is perfectly definite. This proposition is 
capable of generalization by replacing h by rh, where r may be any other set 
of observational data* It follows that if we can assess the probability of a 
proposition p on data qrhj we can also assess it on data rh, and then on 
data A. It is essential to the theory that a true a priori distribution of 
probability exists, that is, a probability assignable on our a priori data alone. 
This is to be distinguished from the prior probability, which is the probability 
before some particular test, imd may rest on a certain amount of previous 
observational evidence* 

Such an a priori distribution of probability must satisfy certain conditions, 
and can be tested in two ways. We may consider it as such, examining what 
distribution describes our a priori knowledge ; or we may investigate what 
distribution is consistent with facts otherwise known about the posterior 
probability on certain types of data. Both methods have been applied to 
the problem discussed in the paper* attacked by Fisher, and lead to the same 
result. My postulates for the case under discussion are (1) that the quantity 
to be measured has a true value x, about which the probability of various 
measures is distributed according to the normal law with precision constant 
At ] (2) that the prior probability that x and A lie in particular ranges dx, dh 
inf{h)dxdh ; (3) that, apart from the measures, we have no knowledge relevant 
to the values of x and A. My reason for discussing these hypotheses is that 
they appear to be satisfied, with one trifling caution, stated in the paper, in 
the majority of ac^tual methods of me^urement. Fisher considers that it 
is an objection to my theory that with different assumptions I should have 
got a different answer, and thereby misses the entire point of the theory. Had 
I begun with different assumptions I should have been discussing a different 
proUem. If, as he suggests, I might have begun with the form 

/(A) 

that would imply previous knowledge that the probability is that A exceeds 

♦ ‘ Proo. Roy. Soc.,’ A, vol. 133, pp. 48-55 (1932). 

t It i», of course, a fallacy to say that the obaervationa are distributed according to the 
normal law. The normal law is a continuous distribution, and the observations are in 
all oases a finite set. 
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the known value 1/a^ and is inconsistent with the hypothesis that we have no 
previous knowledge about the value of L* With such previous knowledge 
there wouldj of course, be no need for any further discussion of the form of 
f{h) ; if it is already known, it is known, and there is no more to be said. As 
a matter of general principle, I must point out again at this stage that in 
problems of inference the introduction of an a priori assumption is not a defect ; 
on the contrary, no correct theory can be developed without one, and the 
important thing is that the assumption should be correct, 

Fisher says that it would be remarkable that on a priori grounds such a 
distribution of probability could be determined ; still, remarkable or not, it 
has been obtained. I think that in this statement he Is confusing the existence 
of the probability distribution with the possibility of making inferences from 
it. Ttm fact is that my distrihitimi is the only distribution of prior probability 
that is cmmstenl with complete previous igrwrance of the vahie. of A. It is clear 
that with such ignorance f(h) cannot involve any quantity other than h ; for 
if it involved some known quantity a of the same dimensions as A, we could 
determine tlie prior probability that A is less than a, namely, 

^'f{h)dhlff{h)dh. (1) 

Since A is a measured quantity, not a pure number, the only significant functions 
of A not involving other quantities of its own dimensions are powers of A ; 

means nothing if 1/A is a length. Then the ratio of the probabilities 
that A is less and greater than A^ is 

j*' A" (2) 

If n > — 1, this is zero for all values of Ag and it is certain that A is infinite. 
If n < — 1, it is infinite for all values of Ag and it is certain that A is zero. 
But with n == — 1, the integrals diverge at both limits and their ratio is 
u^etenninate. It is in this case, and only in this, that the distribution of 
probability tells us nothing as to the probability that A will exceed any definite 
value ; and for this reason alone it must be the correct distribution when we 
have no previous knowledge relevant to the value of A. 

* We are familiar with the fallacy that if implies q, q implies p. Fisher’s argument here 
is of the form "Up implies not q, and q implies not p, then p is fake.” It would f<dk>w 
that when a neoessary and suffioient condition is known for the truth of a proposition, 
that proposition k always fake. The argument k therefore of great power. 



6S2 H. JefEreys. 

If we have one observation, say a, the posterior probability of it and A is 
given by the law 

I (X, h)dxdh^f (h) -A ^ ( 3 ) 

Vtc 

and the contribution from each value of A is greatest for x = a, which is there- 
fore the most probable value, as we should expect. But suppose we take 
/(A) oc l/h, and attempt to determine the posterior probability of values of A. 
The probability that A lies in a particular range dA is proportional to 

dA f I (2c, A) dx X dA f ^ X , (4) 

J — 00 J — 00 A 

so that a single observation does not affect the distribution of the probability 
of h. This is what we should expect, since a single observation can tell us 
nothing about its own precision. It is only when we have two observations 
that a definite standard of precision, given by their separation, is introduced ; 
and it is precisely then that the theory for the first time leads to definite 
results as to the probability that h exceeds a certain value, the integrals corre- 
sponding to (2) converging at both limits. At all points the theory gives 
results in accordance with expectation. 

Fisher proceeds to reduce my theory to absurdity by integrating with 
respect to all values of the observed measures. This procedure involves a 
fundamental confusion, which pervades the whole of his statistical work, and 
derives it of all meaning. The essential distinction in the problem of inference 
is the distinction between what we know and what we are trying to find out : 
between the data and the proposition whose probability on the data we are 
trying to assess. If we have made two observations, ±o in my notation, 

d: V in Fisher’s, those are our observations, and there is no more to be said. 
To integrate with respect to them and average a function of them over the 
range of integration is an absolutely meaningless process. Yet in Fisher’s 
constructive, as well as in his destructive work, this process is carried out again 
and again. 

Fisher, in trying to construct a theory of statistical inference without the 
use of probability, naturally has to adopt a number of a priori hypotheses, of 
l^e existence of which he seems to be unaware. 1 should point out therefore, 
first, that his fundamental definition of fireq^uenoy is meaningless.* He says : 
“ When we say that the probability of throwing a five witili a die is one sixth, 


* * Phil. Trans.,* A, vd. 222, p. 812 (1822). 
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we mmt not be taken to mean that of any six throws with that die one and one 
only will necessarily be a five ; or that of any six million throws, exactly one 
million will be fives ; but that of a hypothetical population of an infinite 
number of throws, with the die in its original condition, exactly one sixth will 
be fives.” That a mathematician of Dr. Fisher’s ability should commit 
himself to the statement that the ratio of two infinite numbers has an exact 
value can only be regarded as astordshing. The difficulty had, of course, 
been evaded by Venn and others previously by introducing the idea of a limit 
when the number of tests becomes large, but at the cost of making it impossible 
ever to determine a probability or to prove any inference* ; further, it avoids 
no assumption, for the existence of the limit c^n be proved, if at all, only by 
using probability as a primitive idea, which the aim of the definition is to 
avoid. But the simple answer to Fisher’s theory is that the hypothetical 
infinite population does not exist, that if it did its properties would have to be 
inferred from the finite facts of experience, and not conversely, and that all 
statements with respect to ratios in it are meaningless. As an analysis of the 
form taken by the probability of the observations given the hypothesis Fisher’s 
treatment may in certain cases have some value, but as a theory of the 
converse process involved in the testing of a hypothesis it has no status 
whatever. 

The second part of Fisher’s paper illustrates this point very clearly. He 
starts with a normal population with standard deviation a ” and infers a 
differential df for the distribution of the variation of the standard deviation $ 
in a sample drawn in the usual way. This form can be made significant if we 
abandon the idea of a normal population with an infinite niunber of members 
and state the result in terms of the probability of the composition of a sample, 
given the true value and the standard error.f But Fisher, having got his 
distribution (which of course, becomes on my view the distribution of the 
probability of the standard deviation in the sample) proceeds to say that the 
distribution of the ratio $/a is calculable solely from the number of observations 
in the sample. But the determination of the probability of s, given a, is not 
the same thing as the determination of the probability of cr given s ; to compare 
them the prior probability of <t must be introduced. It is of no use to say, as 

* Wrinch and Jeffreys, * PhU. Mag.,’ voL 38. pp. 716-731 (ldl9) ; Jeffreys, “ Soientifio 
Inlerenoe,” pp. 218-222 ; Keynes, loc. cU,, ohapt. VIII, 

t Fisher’s use of “ standard deviation ” differs from mine ; I use “ error ” to denote any 
diffetenee from the true value, and ** deviation ” to denote any difference from the mean 
of the actual sample, which will in general differ somewhat from the true value* 


2 K 2 
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Fisher does, that the prior probability of a is imlmowii ; partly because this 
is often untrue, and partly because, if the prior probability is in fact unknown^ 
it introduces an element of uncertainty into all possible inferences beyond 
the observed data, and Fisher’s estimates of the unoertainty are in all cases 
too low. Further, Fisher’s “fiducial probability” refers to a mean taken 
over all possible random samples, and it may be asked why this should be 
thought to have much relevance to any particular sample. To take an 
illustration from the hackneyed but useful problem of baUs in a bag, suppose 
we have drawn five white balls in succession. Our inferences would differ in 
the following cases, according to our previous knowledge : (1) total ignorance 
of the composition of the collection in the bag ; (2) knowledge that the bag 
contained 100 balls, a white one having been inserted every time a coin came 
down heads, and a black one every time it came down tails ; (3) knowledge 
that it contained originally precisely five white balls. In the first case we 
should infer that considerably more than half the balls are probably white ; 
in the second we should infer that by a coincidence we have happened to pick 
five white balls in succession out of a collection that probably contains about 
60, and almost certainly between 30 and 70 black ones ; and in the third that 
there are no white balls left in the bag. Fisher’s method would include all 
these in his mean ; and such a mean is useless for purposes of inference to a 
particular case. 

The theory of probability, on the other hand, allows us to take such previous 
knowledge into account completely. 

Summary. 

(1) The process of generalizing from observational data is necessary to the 
greater part of scientific method. A theory of this process cannot be con- 
structed from logic and observation alone, but requires an a priori postulate 
incapable of proof from logic and observation. It is necessary to have such a 
postulate or to reject scientific inference altogether. 

(2) It is impossible to disprove the possibility of deriving the whole of science 
from a priori considerations without reference to observation ; but there 
seems to be no convincing reason for believing it, and the domain of such a 
method is in any case too restricted for general application. 

(3) The theory of probability provides a primitive postulate capable of 
serving as a foundation for an adequate theory of generalization from eipm- 
enoe. Objections to the theory aU seem to arise from failure to apply its rules 
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correctly. In particular the objection to the aseesament of a probability 
without previous observational knowledge amounts to the statement that 
ignorance cannot be described, which seems clearly untrue, 

(4) Fisher’s theory rests on incorrect premises and his fundamental definition 
is mathematically meaningless. The later development confuses the known 
and the unknown, and makes it impossible to allow for previous relevant 
knowledge. 


The Isotopic Constitution and Atomic Weight of Lead from Different 

Sources. 

By F. W. Aston, RR.S. 

(Received March 14, 1933.) 

In continuation of the previous communications* on the isotopic constitution 
of the elements determined by photometry of their mass-spectra this paper 
contains an account of experiments made on lead. Much of the work was 
done over a year ago and, on account of their great importance in geological 
problems, some of the numerical results were published-f It seemed desirable 
that the complete account should include, if possible, results of at least one of 
those abnormal samples reported to have an atomic weight less than 206. 
These have now been obtained and as the mass-spectrograph is now being 
partially reconstructed and may not be available for further work of the same 
kind for some time further delay is unnecessary. 

Lead is unique among the elements in that it is formed in workable amounts 
by different processes of radioactive disintegration and so does not have a 
constant isotopic constitution. The first mass-spectra showing its lines were 
obtained with the second mass-spectrograph by a discharge in the tetramethyl 
made from ordinary leadj and indicated isotopes 206, 207, 208 roughly in 
proportions 4, 3, 7 with possibly others. Two years later a specimen of the 
methyl compound of lead from Norwegian Broggerite was prepared and 
analysed. The maas-spectra obtained were poor but enabled the three lines 
206, 207, 208 to be identified and their relative intensities roughly estimated 

♦ ‘ Proc. Roy. Soo..’ A, vo). 134, p. 571 (1032). 
t ‘ Natun%’ voi. 120. p. 649 (1932). 
t • Nature/ voL 120, p. 224 (1927). 
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at 100, 10*7, and 4*5. At the time there was no reason to suppose that the 
intensities could be affected by the presence of a hydride, so the percentages 
were worked out at 86*8, 9*3, 3*9. The presence of line 207 was of the 
greatest interest for, as was pointed out, there was excellent reason for identi- 
fying this with the final product of the actinium series, which would settle the 
atomic weights of the members of the series, that of protactinium being 231.* 
Assuming the ratio 100 : 7 for the number of atoms of uranium lead to actinium 
lead Lord Rutherfordf was able to work out the period of actino-uranium, the 
parent of the actinium series and an isotope of uranium, to be 4*2 X 10* years, 
and deduce other important cosmical conclusions. 

These results were criticized by Holmes:]; who maintained that the per- 
centages of 207 found by the mass-spectrograph and used in the calculations 
were much too high. His own estimate from chemical atomic weights was 
about 3 which makes the period of actino-uranium much the same as that of 
uranium I. 

Accurate knowledge of the isotopic constitution of the radiogenic leads is of 
the first importance in the problems of geologic time and of the origin of 
actinium. Mass-spectrum analysis appears to be the only possible source of 
this. Dr. A. v. Grosse who is particularly interested in the actizdum problem 
kindly offered to prepare for me specimens of methyls of leads from ores whose 
geological and chemical data were well established. Such leads were fortunately 
made available owing to the generous action of the scientists who owned them 
and as soon as a few rare samples had been prepared I started the work of 
analysis. This was in November, 1931, immediately after the analysis of 
uranium fluoride which, as reported,! gave the definite information that 
uranium was essentially a simple element and contained no isotope other than 
238 to the extent of 3 per cent., a result which itself had a definite bearing on 
the general problem. 

Since the analysis of the Broggerite lead several things had occurred affect- 
ing the outlook on the work. The most hopeful one was the improvement in 
the vacuum technique of the instrument. Lead tetramethyl decomposes 
during the discharge and the hydrogen formed during the long exposures was 
known to be the cause of the feeble and ill-defined results previously obtained, 
for it was not removed efficiently by the cooled charcoal used for evacuation. 

* F. W. Aston, ‘ Nature,’ vol. 123, p. 313 (1929). 

f/tW. 

X ' Nature,’ vol, 126, p. 348 (1980). 

§ F. W. Astoa ‘ Nature,’ vol. 128, p. 725 (1931). 
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This difficulty had now been removed by the use of a high-speed diffusion 
pump on the slit system.^ On the other hand the work of Bainbridgef had made 
it dear that lines 65 and 69 in the mass-spectrum obtained from dnc methyl 
were due to hydrides and not, as I had assumed,! to true isotopes. His later 
work§ has shovm that three isotopes of germanium 71, 76, 77j| are also under 
suspicion for the same reason. The sequence of relative intensities of mass- 
spectra derived from tin tetramethyl madce it reasonably certain that with that 
element, at least, little or no hydride is present, but it was clear that results 
obtained from lead tetramethyl could no longer be assumed free from hydride 
effect and that this must be looked for and if possible measured. 

Other difficulties in the way of accurate analysis of leads are raised by the 
fact that the mass numbers are high, which meansithat the magnetic deflecting 
fields must be correspondingly great with consequent difficulties in maintaining 
them constant. The photographic efficiency of lead rays will be small and 
the curve relating blackening with intensity will be of the unfavourable type 
shown by mercury. The lines wDl be too close together for the method of 
intermittent exposures, but in some compensation for this it so happens in 
practice that lead methyl, if perfectly pure, gives an extraordinarily smooth 
and steady discharge so that reliable results can be obtained simply by exposures 
of different periods taken in sequence. 

The first methyl analysed was that of a sample of very pure uraniiun lead 
called Katanga I, The discharge ran well, which is evidence of the high purity 
of the compound, and thanks to the improved vacuum clean sharp spectra were 
produced. Three lines 206, 207, 208, were visible and their intensities were 
determined to be 100, 9-51, 0* * * § 19 respectively, the accuracy being at least 
five times as great as for the Broggerite lead already noted. Of course, every 
effort was made to eluninate mercury and its mass-spectrum was reduced so 
far that comparison between its lines 202 and 204 could be used to show that 
no appreciable quantity of Pb 204 was present. 

Using the same discharge tube, which was in an unusually good setting, an 
attmipt was made to analyse a sample of methyl from lead derived from 
Swedish Kolm, one of those with an abnormally low atomic weight. This was 
found to be very impure. The discharge behaved unsteadily and no results 

* ‘ Proc. Roy. Soo,,’ A. voL 134 p. 572 (1932). 

t * Phys. Rev./ voi. 39. p. 847 (1932), 

t * Proo. Roy. Soo./ A, vol. 130. p. 306 (1931). 

§ Privately oommunioated. 

(I * Proo. Roy. Soo./ A, vol. 132, p. 496 (1931). 
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could be obtained, A tliird sample Katanga II was now admitted and the 
discharge again ran perfectly as with Katanga I. The bulb was run for a 
long time under normal conditions, by which it is certain that much the greater 
part of the lead left in the walls from the previous samples must have been 
removed. Again good spectra were obtained and the ratios when measured 
were indistinguishable from those of Katanga I. 

The inlet apparatus was carefully washed as before and sample WUberforce 
admitted. As before good spectra resulted, but a careful scrutiny of line 206 
suggested that the discharge was still contaminated with load from the earlier 
samples. In order to make quite certain of this very important point the methyl 
of ordinary lead was admitted with all the usual precautions. Even after 
exhaustive running the spectra showed line 206 stronger than line 208. This 
made it perfectly certain that the bulb was still contaminated with lead 206 
from the previous samples and that no reasonable period of running would 
eliminate it. This unfortunate residual effect would, of course, not be serious 
in samples so nearly identical as Katanga I and II, but for general analysis it 
was very evident that a fresh discharge bulb would be necessary for each lead. 

This is a much more serious difficulty than would appear at first sight, for the 
setting of a new discharge tube is an uncertain operation at best. During 
investigations on isotopes in the past, once a favourable one had been obtained 
weeks of useful work with a great variety of compounds could be expected. 
In addition the hope of comparing the mass-spectra of different radiogenic 
leads under identical experimental conditions vanished, and one would have 
to be content with the nearest approximation practicable. 

The difficulty had to be faced, and as no further work of a sufficient urgency 
could be found for it I regretfully dismantled a bulb still working extremely 
well and after a tedious series of trials replaced it with another which was 
moderately satisfactory*. As ordinary lead was now in the apparatus this was 
now analysed with results which will be detailed later. 

So far no information on the vital question of the presence or absence of 
hydride effect had been possible, but when, after further delay, another fresh 
tube was got into working order and Thorite lead admitted, highly satisfactory 
and definite evidence was obtained. Lines 206, 207, 208, 209 appeared with 
relative intensities finally established at 4-9, 1*6, 100, 2*3. Now Pb 209 is 
known to exist only to a small extent in ordinary lead so it is at once obvious 
from the intensities of lines 206 and 207 that any effect of 209 caused by the 
presence of traces of ordinary lead in the sample con be neglected. On purely 
theoretical grounds the presence of Pb 209 in so pure a thorium lead is extremely 
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improbable, and this conclusion is fortunately supported by evidence from the 
mass-spectnim itself. There is, corresponding to the line 208, another very 
strong line 223 due to PbCH 3 but no trace of an effect at 224 could be detected. 
This is negative evidence which in the case of isotopes is always the most 
conclusive. It is therefore quite safe to conclude that under the particular 
experimental conditions the discharge in lead methyl gives rise to a mono* 
hydride only, and this to the extent of 2*3 per cent. 

It is admittedly unfortunate that any hydride at all is formed, but so long as 
every effort is made to ensure the closest agreement of experimental conditions 
it is possible to use this figure as a correction with considerable confidence. 
When it is applied to the lines given by Katanga I, which happens to be one 
of the leads upon which the criticisms of Holmes were based, the effect at 208 
practically vanishes and the 206 : 207 ratio reduces to 100 : 7-2 showing a 
remarkably close agreement with Lord Rutherford's estimate as opposed to 
that of Holmes, 

A definite conclusion on the hydride correction having been obtained the 
Wilberforce sample, which was regarded as the most important geologically, 
was again taken in hand and a fresh bulb fitted. This was not so good as the 
previous ones but moderately dependable values for the relative intensities of the 
lines were obtained. As no other samples of first-class importance were 
immediately available it was decided to publish the numerical results already 
obtained and to use the mass-spectrograph for other work until further material 
arrived. 

In June, 1932, another sample made of lead from Kolm was received. This 
was very small in quantity and though apparently rather purer than the earlier 
one was quite unsuitable for quantitative photometry. Before it was quite 
exhausted one mass-spectrum was obtained which showed that 206 and 207 
were present and that the proportion of the latter was in no way abnormal for 
a uranium lead. After this failure the apparatus was used for other work 
during which the simplicity of niobium and tantalum was demonstrated and 
two new and very rare isotopes of mercury discovered,* 

In February of this year I received from Dr. v. Grosse the methyl of a lead 
from Great Bear Lake which was reported to have an atomic weight even 
lower then that of Kolm lead. An entirely satisfactory analysis was carried 
out and the quantities of 207 and 208 were both found greater than in Katanga 
I, By good fortune the discharge was exceptionally free from mercury so 


♦ F. W. Aston, ‘ Nature,* vol. 130, pp. 130, 847 (1032). 
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that the presence of any lighter isotopes sufficient to account for the abnormal 
chemical atomic weight could be disproved quite d^nitely. This result 
co nfir med the opinion, which had been suggested by the work with Kolm lead) 
that an abnormally low atomic weight was not of necessity associated with 
peculiarly interesting isotopic constitution. Further experiments with a view 
to increasing resolving power now required the apparatus to be dismantled so 
it was decided to analyse one more sample only. This was a uranium lead 
from Morogoro which gave results much the same as Katanga I. 

Measurements on Packing FnuMon. 

The first attempts to determine the masses of the lead isotope had shown 
that these were integral with those of mercury to within one or two parts in 
10,000. The much improved definition now obtained held out hopes that 
much better comparisons could be made. Increased accuracy has been 
obtained, but full advantage cannot be taken of it until higher resolution is 
available on account of the inevitable error involved in measuring the distance 
between lines not of the same intensity. The two unit mass intervals between 
202, 204 and 204, 206 and also the three unit intervals 201, 204 and 204, 207 
were measured on several plates, and in each case appeared integral within 
one-hundredth of a imit (1 in 20,000), but the line 204 cannot possibly be 
similar in intensity to 201, still less to 202, and too little is known of their 
exact mass differences, or indeed of their packing fractions, to enable the 
masses of 206 and 207 to be fixed. All that can be said at present is that the 
isotopes of lead probably have packing fractions between 0 and + 1. This 
positive value will tend to balance the correction, still by no means certain, 
between the physical and chemical scales so that the mean mass numbers 
should not difier much from the chemical atomic weights, which is found to be 
BO in most of the samples. 

RmtUs obtained with Ordinary Lead. 

The same sample of methyl was used as had been employed in the first 
analysis. This had been kindly supplied by C. S. Piggot.* No less than five 
new isotopes were visible on spectra taken with long exposures. The most 
abundant of these 204 was estimated by measuring the increase in intensity in 
line 204 relative to the other lines in the mercury group, which could not be 
eliminated entirely but was reduced as far as possible. These measurements 

* ‘ J. Aoad. 8oi., Wash.,’ vol. 18, p. 289 (1028). 
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were made in. December, 1931, but before they were published the isotope 
Pb 204 had already been announced by Schiller and Jones* from their work on 
hyperfine structure. 

The photometric intensities of the lines were compared by taking a very 
large number of exposures of many different periods. After correcting these 
for the presence of 2 *3 per cent, of hydride the following figures were obtained 
for percentage abimdance : — 

Mass numbers . . 203 204 205 206 207 208 209 210 

Abundance .... 0-04 1-50 0-03 27-75 20-20 49-65 0-86 0-08 

These correspond to a mean mass number 207-190. The present international 
atomic weight is 207-22. The quantities of the rarer isotopes are only to be 
regarded as rough estimates. 

RestiUs obtained with Radiogenic Leads. 

The following seven specimens were investigated. For all except the Kolm 
lead the methyls were prepared by Dr. v. Grosse. 

Katanga /. — ^Lead from pitchblende, Katanga, Belgian Congo. Methyl 
prepared from a sample of the chloride, supplied by Honigschmid, which had 
actually been used for his atomic weight determination. Atomic weight 
206- 048. t 

Katanga II. — Extracted by v. Grosse and Kurbatow from Katanga pitch- 
blende supplied by Mme. Pierre Curie and Mme. Irene Joliot-Curie. Atomic 
weight 206-05. 

Thorite. — ^Lead from thorite from Langesundefjord, Norway, supplied by 
Fajans, Fart of sample used by Honigschmid who obtained the highest 
recorded figure 207-90 ± 0-013 for its atomic weight.+ 

WiJbetforoe. — Origin pitchblende from Wiberforce, Ontario. Methyl pre- 
pared from chloride used by Baxter and Bliss who found atomic weight 
206-196.§ 

Bear Lake. — ^Uraniirm lead from Great Bear Lake, Canada. Supplied through 
Professor A. C. Lane. Beported to have atomic weight about 206-96. 

* * Natarwias.,’ vol. 10, p. 171 (1032). 

t HOnigsohmid and Birkenbaoh, ' Ber. deuts. ohcm. Ges.,’ vol. 66, p. 1837 (1923). 

t Fajans, ' SitzBer. Heidelberg. Akad. Wiaa.,’ vol. 3, p. 2 (1918) ; ‘ Eleotrochem.,* 
vol. 26, p. 91 (1919). 

S Baxter and BUm, ‘ J. Amer. Ohem. Soe.,’ vol. 62, p. 4961 (1930). 
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Morogofo . — Lead from pitchblende from Morogoro, East Africa, obtained 
from F. Kranz, Bonn. 

iCo/m.—Methyl supplied by G. P, Baxter. Made with material used in 
determination of atomic weight 206*013.’** 

No isotopes other than 206, 207, 208 were found in these leads. The 
intensities of the lines were compared by giving exposures of periods suitable 
to give approximately the same blackening, for example, 10 minutes and 1 
minute, for 207 and 206 in Katanga I. 

The following tables shows the values obtained for percentage abundance 
after correcting for hydride : — 


Lead, 

206. 

207. 

208. 

Mean mass 
number. 

Katanga I and 11 

O.s 3 

6*7 

(0-02) 
94- 1 

206*067 

Thorite 

4-6 

1*3 

207 * 895 

Wilberforee 

85 9 

S3 

5*8 

206*199 

Bear Lake 

89*8 

7*9 

2*3 

206* 102 

Morogoro 

93- 1 

6*9 

0 

206 069 



Some of these results have already been discussed by v. Grosse.f in connection 
with the actinium problem. The three sources of error in fixing the atomic 
weight from mass-spectrum data, namely, the imeertainties of packing 
fraction, relative abundance and change of scale, happen, with lead, to be all 
of the same order, about 1 in 10,000. It is very desirable that some source 
of intense lead rays should be devised which would give mass-spoctra free from 
hydrides for as long as they are present no absolute certainty of composition 
can be arrived at. But even with this uncertainty the direct results of the 
mass-spectrograph appear preferable to any indirect calculation from the 
chemical atomic weight. 

In conclusion I should like to express my cordial thanks to all the chemists 
who have so generously placed rare materials at my disposal, and particularly 
to Dr. A. V, Grosse for preparing the methyl compounds which made the 
research possible. 

Sunm^ry. 

Ordinary lead and a variety of radiogenic leads have been analysed with the 
mass-spectrograph by means of their volatile methyls and the abundance of 
their isotopes estimated by means of photometry. 

* Baxter and Bliss, * J, Amer. Chem. Soc.,’ vol, 52, p. 4848 (1930). 
t ‘ Phy». Rev,/ vol, 42, p. 566 (1032). 
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The presence of a small quantity of hydride has been detected. This has 
been measured and corrected for. 

Measurements of the packing fractions have been made, but with somewhat 
inconclusive results. 

The atomic weights arelfound to agree fairly well vrith those found chemically, 
but the abnormally low value reported for lead from Great Bear Lake is not 
supportecL 


The Skin Friction of Flat Plates to Oseen's Approximation. 

By N. A. V. PiEROY, D.8c., and H. F. Winny, Ph.D. 

(Communicated by L. Bairstow, F.R.S. — Received November 2, 1932.) 

Recent observation that flow past tangential flat plates may remain steady 
up to Reynolds’ numbers so great as 6 x 10® has renewed interest in the 
problem of calculating the motion. For large motions, such as are character- 
ised by Prandtl’s thin boundary layer of viscous effects, there has long existed 
the well-known theory of Blasius which recent experiments by Hansen tend 
to confirm. Approaching the problem from the oj^posite extreme, Bairstow 
and Misses Cave and Lang have obtained a solution according to Oseen’s 
approximation to the equations of viscous flow. Their result Ls given in the 
form of an integral equation for the distribution of doublets along the plate 
which will exactly satisfy Oseen’s suggestion and the boundary conditions for 
an infinite fluid. But the solution of the equation has depended so far upon 
constructing a group of simultaneous equations with numerical coefficients 
determined by graphical means. The process is cumbersome and only two 
evaluations have been attempted, viz., at Reynolds’ numbers 4 and 4 x 10®. 

Exact treatment of Bairstow and Misses Cave and Lang’s integral equation 
presents difficulties, but it is possible to find an analytical solution of the 
equation whose errors throughout the experimental range are probably less 
than those involved in graphical manipulation. Tliis enquiry is the subject 
of Section I of the present paper. Section II gives the streamlines and other 
details of the flow. 

In pursuance of the plan adopted in the original investigation, no essential 
appxoximatioxis are introduced further to those implied by Oseen’s neglect of 
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certain inertia terms in the complete equations of motion. The physical 
significance of the results obtained must be decided, except in the case of 
small motions, by experiment, and unfortunately observations have only been 
made at large Reynolds’ numbers. Even under these conditions, however, 
divergence from experiment is not so great as might be anticipated. This 
will appear in Section HI, where the present results are also compared with 
those of the Prandtl-Blasius theory. 


Secticyix I — Analyticol Soluiions. 

The motion is assumed to be two-dimensional and the length d of the plate 
is given for convenience the value 2. The plate moves in its own plane through 
an infinite expanse of fluid at a velocity U, the ratio of which to v, the kinematic 
coefficient of viscosity of the fluid is denoted by 2ifc, so that 

R = Reynolds’ number = Ud/v = 4^. (1) 

Taking the origin at the nose of the plate and Ox in the direction of — U, 
let us denote by E and M two points which may occupy any positions on the 
boundary and write 5 m respectively, and w for the difference 

5m 5e* The equation (E (13), he. cit.) obtained by Bairstow and Misses 
Cave and Lang for the distribution Xb of doublets along the plate appropriate 
to the problem is 

where 

X'(5B) = g|^Zji 

and Eg is the Bessel fonotion defined* generally by 

(1) = (* e"< 0“* ‘ cosh nt dt. (8) 

Jo 

The doublets satisfy the equations of viscous motion to Oseen’s approximation, 
viz., 

vV*,J; = UV*(a«J//ar), (4) 

and Xb ^ obtained from (2) satisfies the boundary conditions. A solution for 


* The Beeiel fonotions are reckoned ai for poeitive aigumemta throoghont the paper. 
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Xb gives immediately the resistance D of unit span of the plate by the relation 
(P (8), he, cit) 

dxB (5) 

where p. = pv. 

SmaU Motions, First Approximation , — ^With the origin changed to midway 
along the plate (2) may be written 

uU = C j [K„ (w) - K„ («>)] -l\x' (5e) dl,,. (6) 

Assuming w small and expanding the kernel, wc find, retaining only first terms 
of the expansions, 

= I J 1 — Y — log ) X (?e) (7) 


where y is Euler's constant 0*6772... If the solution is 6wjsumed to be of 


the form 
substitution gives 


U^A 


- log I — Y + 1 + log 2 J . 


( 8 ) 


Hence (8) is a solution of (7) if 

A = u/(l-Y-logt). (9) 

The distribution of doublets along the plate is given by 

Xe = [*" X' (^b) — I {re — co8-» x^). (10) 

■I-* 1— Y-log| 

The resistance D, given by 

D = '*l*(Xi — X-i). 


is conveniently specified by a “ coefficient of drag ” defined and evaluated 
as follows : — 

, _ D.d K 


1 
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The result (11) may alternatively be deduced from a generalization by Bair- 
stow and Misses Cave and Lang* of Lamb’sf solution for the small motion 
according to Oseen’s approximation of circular cylinders. 

Small Motions, Second Approximation . — The smallest Reynolds’ number at 
which there is available a graphical solution is R === 4, the coefficient of drag 
found being 1*527. Since the formula. (11) then gives = 1*727, it is of 
interest in the present investigation to form a closer analytical estimate. 

Expanding the kernel of (6) as before but retaining squares of small quantities 
leads to 

TCU = j‘ J - (y + log |) u + 1 4- j) + (l + 1’ + ^)} x' aj dKz- (12) 


It is now assumed for the form of the solution that 

/r \ A -jr C^g^. 

After substitution and reduction we find : — 
on equating the coefficients of ^ 


(13) 


I'=.f(!+Y+l<«|) 


on equating those of 


and on equating constant coefficients 

U = A{-(r + log^)(i + lf) + i + |4 

These values of A, B, C make (13) satisfy (6) to the order of the squares of 
small quantities, and to this order 

Zb = A (re — cos"^- asu) — BA ^/(l — ®e*) + V (1 — 

The drag coefficient now becomes 

Cifc*> 


( 14 ) 


= JL/a + H*-] 

“ k U AU\ ^ ' 


•n 

k' 


2 / 

* + f(I+V + .og|) 


( 15 ) 


* Loo. eit., p, 428, Cf. also Berry and Swain, ‘ Proo. Boy, Soc.,’ A, roL 102, p. 766 

r\AAV 


t Hydrodynamics/’ p. 506. 
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At R n 4 this expression gives = 1*624, a value only 6*6 per oeut. in 
excess of the graphical result. But it is evident from the form of (16) that as 
the Reynolds’ number approaches 4 the analytical estimate involves appre<mdde 
errors which are rapidly increasing. This straining of the small motions 
solution is again reflected in the doublet distribution Xa given by (14), which is 
shown in fig. 1 as a chain-line and may there be compared with the corre- 
sponding graphical result indicated by the circular points. Although the 



Fia. 1. p r es e nt solution (40) ; — • — present small motion solution (14) ; 

graphioal solution B <>> 4 X 10* ; o o graphical R » 4, Bairstow and Misses 

Oavs and Lang, 

second approximation gives appreciably less difference from the graphical 
result than the first, this temams considerable. Errors of this order are to 
be ejq>ected in (14) and the graphical work may be anticipated to provide the 
closer solution at R » 4. At smaller Reynolds* numbers, of course, (14) and 
(16) rapidly become reliable. 

ABympMie Solution.— A satisfactory analytical solution is readily obtained 
for motions whioh are large though not necessarily approaching the limit for 
steadiness. We suppose R to be so great that a small contribution to the 
integral of (2), arising when the point E passes through the point M, may be. 

2 o 


Toil, (nu-ni. 
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Beglected, so that it may be assumed that only kige values of w are efSectiTe 
in contributing to the integral. 

Introducing the asymptotic expansion of Kfjlw) : 


Ko{w)^e~-« 


^ \2m>/ \ 8w ^ 2 (8w)* 



(16) 


ejni substituting in (6) (witb the origin changed to the nose of the plate as in 
(2) ), we see that the kernel of the equation is of order when w is large and 
positive, and of order when it is large and negative. Thus only positive 
values need be considered. On retaining the first terms only of the expansions, 
the expression for x (^k) reduces to 



V (Cm “ Cb) 


(17) 


where the integration is to extend from 0, the nose of the plate, now only to 
Cm. 

The solution of (17) follows from Abel’s work* and is 




(18) 

Hence 





(19) 

and 




ho = 21^ ink) = 2.267/VR. 

(20) 


At R = 4 X 10* the expression (20) gives ko = 0.011284, 3*1 per cent, less 
than the corresponding result obtained by graphical means, viz., ho = 0.01164. 
In fig. 1 the distribution of according to (19) is shown as a marked full-line 
curve and may be compared with the graphical distribution which is plotted 
as a broken-line. Fair agreement exists, and it will appear later that for so 
large a Reynolds’ number the asymptotic solution gives a close approximation 
except for a failure to reproduce an infinite value of occurring at l^e 
badk edge of the plate. 

Errors in (20) become appreciable for R < 10* and for mathematical and 
physical reasons it is desirable to investigate whether the range of application 
of the simple asymptotic solution may be extmaded without introdocii^ serious 
complication. The fdlowing development was undertaken in the first place 

* Abel, “OoUeoted Worin,” p. 11 (182S). Of. also BAshw, ‘Oamb. Math. Traote,’Ko. 10, 
p. 6 (1014). 
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with this aim, but the concluBions reached were found to be of wider intor- 
pretation. 

Extended Soltdion . — While k remains large a second approximation is 
suggested by (18) in the form 


X (?i5) 


u 

V 


+ /'(5e) 


( 21 ) 


where the added term is assumed to be of order Substituting in (6), 
modified to locate the origin at the nose of the plate, we have 


TtU- 



u 

\/ (27t5e) 


H-/'(^E))d5B. (22) 


Approximation of the kernel of this integral equation for /'(^ e) by a use of the 
same method as employed to obtain (17) gives 


U 




v5e Jo 


To order imity the first term only of the asymptotic expansion of Kq m 
sufficient, and the left-hand side of (23) becomes 


On making the substitution : Z = integration is readily eSected 

and the whole expression is seen to vanish, as would be expected from the 
significance of the first approximation (18). 

The order of smallness assumed for /'(^k) requires evaluation, however, of 
terms of order on the left-hand side of (23). It is convenient to investigate 
in the first place the term of this order arising from the difierence between the 
second term of (24) and 


Since, k remaining large, the asymptotic expansions cease to hold only close 
to H, the difference under oonsideiation may be supposed to arise at the point 
M. The term to be added to (24) is 


UA 

2V5ii' 


( 26 ) 


2 o 2 
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where A is obtained from 

A = j* ^ 6“ [ Ko M - £ Ko {«.)] dw - V(2^) £ “ dw, (27) 

whore h may be supposed large and for coavenience to approach x . 

The expression for A may be rewritten 

A=£ je^KoW + e-^KoM + e-KiW-e-x-KiCw) - (28) 

It is known that when h is large the first of these integrals 

[ c^Kq (tf?) dw ^ y/ i^hzh) — 1. 

Jo 

Evaluating the second, 

j* e-^Ko (w) (iw = j * c-" *) du» J dt 


(29) 


f * ^ - f" ®_ 

jo 1 + cosht Jo 1 


a> g-*(l +<»Mhl)^ 

-f- cosht 


= 1 


(30) 


as h approaches oo . The sum of these two integrals vanishes with one-half 
of the fifth integral of (28), leaving 


A = £ - ® ~ \/ (^)} ^ 

~ [ {c"Kj (mi) — (w) — e"Ko (*<’)} dw — I 

Jo 


(31) 

(32) 


from (29). Making use of (3), integratii^ with regard to w and collecting 
terms, 

+ I f“ a , ,J,, 

Jo cosht-fl Jocoshf-f-l 

vanishing as h approaches oo . 

Thus the additive term (26) is zero to the order considered and (23) becomes 


_ U f J5. 

Jo y/w 27tJo 




(34) 

( 88 ) 


the integration being readily performed. 
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We are now in a position to evaluate /' by a further use of Abel’s solution, 

by which we obtain from (36) 




JL 

27C* 


_d 

di, 


* i V {5 m (5e - 5m) V(S)^V^ 


Integrate with regard to define / (^j.) such that it vanishes when 

= 0. On making the substitutions : cos* 6 = 5 m/5b »“d sin** = 
the following convenient expression is found for / (5 b) : 



log 


1 + sin tt cos 0 
1 — sin a cos 6 


d6. 


(37) 


This may be simplified. For regarding / (5 b) as a function of a and difier- 
entiating, 



2 cos * cos 6 
1 — sin* * cos* 6 


Hence 


U 2* 

7t® ’ sin « ’ 




Coxnbinmg with (19) we obtain a final expression for Xb* 
U V \ 7 t / T^Jo sma, 


where 


sin « = y'ilg. 12k) = •\/(*k/2). 


(38) 

(39) 


(40) 

( 41 ) 


Apparently, the remaining integral cannot be evaluated exactly, but its form 
is very suitable for quadrature, by which we have determined the approximate 
values : — 


flt -f- 0«2 0*3 0*4 0-5 0-6 0-7 0*8 0-9 1-0 

T f‘ deti’. 0*064 0-097 0-130 0-165 0-201 0-239 0-280 0-323 0-371 

7C* J 0 Bin 0C;| 


For the resistance coefiBicient 


ko 


2 

V(ff*) 



(42) 
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The definite integral may be expanded in varioue ways, but that which wo have 
found most convenient is 


Jo »iaai 





+ n log 


1 . ... (4n -- (in + 1)^ 


(«) 


where n approaches oo . 
Hence (42) reduces to 


This expansion rapidly yields the value 1-83077... 


4 1 * 48:19 ... 


(44) 


For large motions (44) adds little to the asymptotic expression (20) but at 
smaller Reynolds’ numbers the correction becomes important ; at R = 10* 
it is 2 per cent. ; if the comparison were made at R — 1, it would be 66 per 
cent. We have not investigated analytically the restriction with regard to 
Reynolds’ number finally implied in (44), and there appear dfficulties in the 
way of doing so. But this step is seen to be unnecessary on tentatively 
comparing the estimate of resistance which the formula provides with the 
graphical solution at R = 4 and, at still smaller Reynolds’ numbers, with 
the small motions solutions. Various results are collected for comparison in 
the following table : — 


Reynolds^ 

rMimber. 

EBtimatioiis of by 


Oraphioat 

metaodA. 

(H). 

(15). 

(44). 

4 X 10< 


_ 

001132 

0-01104 

4 

— 

— 

1-4994 

1-627 

1 


3-870 

3-741 


4 X 10** 



48 07 “ 

48-38 

— . 

10'* 

101 10 

— 

170-90 

— 

4 X 10-* 

300*38 


408-87 

— 


The solution (44) differs from the graphical results by only 2*8 per cent, at 
the large Reynolds’ number and by 1*8 per cent, at R = 4. At R = I it 
differs from (16) by 3*3 per cent, and exactly agrees with the small motiona 
solution at a Reynolds’ number slightly less than 4 x lO"*. The various 
solutions of (2) are plotted in fig. 2, together with Blasius’ solution to Pnmdtrs 
approximation which will be referred to in Section III. Thus (44) gives the 
resistance of flat plates according to Oseen’s approximation with unimportant 
errors throughout the experimental range. It would appear probable that an 
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explanatioa of its success at very small Reynolds’ numbers must be sought in 
a comparison of the quantities that are neglected on the two sides of (23), 
This success makes of interest a tentative comparison of the distribution x» 
of the sources as given by (40) with the corresponding graphical solution at R=:4. 
The result is exhibited in fig. 1, where the full-line is analytical and is seen to 
agree closely with the graphically obtained points shown as circles. The 
analytical solution for at R — 4 X 10^ is changed from the asymptotic result 
only imperceptibly except for a very rapid increase to an infinite value of 



Fio. 2. — ^Present solutions ; asymptotic (20) ; extended (44) ; small 

motion 2nd (15). Gkaphioal : O 0 Bairatow and Miaaea Cave and Lang. Prandtrs 
boundary layer theory t — * — Blasius’ solution. 

9x/3x at the back edge of the plate, a characteristic that was also found in 
the graphical investigation and will be inferred in Section II to have a peculiar 
interest in connection with the flow. 

Section 11 . — lUusiratiom of the Flow. 

The SkewnJIAnee /or R = 4. — The streamlines at large Reynolds’ numbers 
can be obtained approxfanately by very simple means as will appear in Section 
III, but with small motions thek delineation calls for graphical work. Let 
the point E still be restricted to the surface of the plate, but now let M occupy 
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any position on the plate or in the fluid. Denote the vector EM by r and the 
angle which it makes with 0? by 6. In the original paper the stream function 
is expressed in terms of the distribution of doublets and a function L of r and 


6 : 


'I'm = J Lkm dx*. 


(46) 


A sufficient range of values for present purposes of L and its derivatives, 
vis., 

dL 1 a 


dx 7tk ' dy 


{e**Ko(Av) + logifcr} 




(46) 

(47) 


has been worked out by Zahra of the Imperial College and the tables are 
available. The following values were chosen for y^: 0-04, 0*1, 0*2, 0*4, 
0'7, 1 -0, 2’0, and a curve of L^m to base w was plotted for each. Graphical 
integrations were carried out for Xu = — 0-5, — 0-2, — 0*06, 0, 0-06, O’l, 
0'2, 0'3, 0-6, I'O, 1'7, 1'8, 1'9, 1’96, 2-0, 2'06, 2*2 and 2'6, remembering 
that the length of the plate has been given the value 2. Hence from a series 
of curves on a ^jj-base tables were constructed leading to figs. 3 and 4, where 0 



is the nose and A the back edge of the plate. The former figure shows the 
stream function relative to the fluid at infinity, the latter shows it relative to 
the plate. 
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The Molecular Xotation . — Various expressions for the molecular rotation Z 
are given in the original paper. From (46) and (47)» 


= = j 

V^LjoidM 

(48) 

2 

7t 

or again, making use of (46), 


(49) 

= 2ifc I* dx% 

- - [ 5 ^ log*^<*X* 

TzJ Pyu 

(60) 

while on the boundary 

■ 29xM/3a«. 

(61) 



Fio. 4. — Streamlines relative to plate, R *= 4. 


A graphical solution was first obtained for R — 4 by use of the avaUable 
tables. To introduce r and 6 for this purpose (60) may be written 

The first term contains the second to opposite sign so that evaluation is most 
conveniently effected as a single integration. A series of lines at right angles 
to the plate were chosen at asm »= —0*5, —0*2, — 0‘05, 0, 0’06, 0*2, 0*8, 0-4, 
0-6, I'O, 1*4, 1-8, 1-96, 2-0, 2-06, 2-2, 2-6, 3-6, and along each of these T^u 
was obtained graphically at — 0*04, O-l, 0*2, 0*4, 0*7, TO, 2-0 and 4*0. 
Kg. 8 was then constructed from curves of set out on a j^base. 

For large Reynolds’ numbers it is possible to obtain an approximate solution 
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for the distribution of from the asymptotic expression (19) for but the 
distribution of vorticity for R = 4 X 10^ has been found graphically from the 
graphical solution for Xk^ 

Substituting from (16) in (49) since kr remains large and retaining only the 
first term of the expansion, 

Cm = - (^) f ^ dxK- (53) 



The intervals choscsn for were practically the same as with the smaller 
Reynolds’ number, but it was found unnecessary to go more deeply into the 
fluid than = 0-04. The actual values chosen for • O’OOl, 0*004, 

0*01, 0*016, 0*02, 0*026, 0*04. Using the system of calculation already 
described fig. 6 was constructed, where the linear scale perpendicular to the 
plate has been expanded ten times to make the details discernible. 



Fio. 6. — ^Molecular rotation for R » 4 X 10*. linear toale perpendicular to plate x 10. 

The peculiar distribution of rotation close to the back edge of the plate 
follows from the rapid increase in dx/Sx occurring before that edge is reached. 
This feature has already been noted in (40), but in the analytical sdutkm it is 
more localized than in the graphical one. In either case the final motease in 
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recedes to the back edge as R increases and may possibly be associated with 
the production of an eddy in this region at large Reynolds’ numbers. 


Section III. — Comparison with ike PrandtUBlasius Theory and with 

Experiment. 

Prandtrs approximate form of the equations of motion depends, as is well 
known, upon the layer of fluid appreciably affected by viscosity remaining 
thin until the wake is reached and so the theory is restricted to large Reynolds’ 
numbers. Blasius’ solution on this assumption for flat plates gives for the 
drag coefficient : 

1-327/VH. (W) 

This is plotted as a chain-line in fig. 2 for comparison with the present solution 
to Oseen’s approximation. The asymptotic solution (20) is seen to be of the 
same form as (64) but to indurate a resistance that is greater by 70 per cent. 

To carry the comparison further, and before introducing experiment, it is 
desirable to obtain a general expression for according to Oseen’s equation. 
It will be appreciated on ac<!Ount both of the nature of the Prandtl-Blasius 
solution and of the restricted range of existing experimental observations that 
attention in the present section is of necessity confined to large Reynolds’ 
numbers such that errors in the asymptotic solution may be neglected. 

From (45) of Bairstow and Misses Cave and Lang’s original paper, 






The expression (47) may be rewritten 

^ = i fe" [Ko {kr) + cos 0 . (fo-)] 

Syn Tc t 

while from (18) 



cos 6 ) 
jfcf r 


(55) 


( 66 ) 

(57) 


On substituting (56) and (67) in (66) it is seen that the last term of (66) will 
result in an increment of Um of order h~^ and when 0 is small this is negligible 
because, from the asymptotic expansions of Kq, Ki, it is evident that the remain- 
ing term of (56) will contribute a quantity of order unity. Only large and 
positive values of w (»= kx^ — ht^) need be considered, for when u> is large and 
negative the integral is obviously negligible. Also kr may be considered to 
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be large, for when this is not so the integral will augment Um by a term again 
of order Hence, while 0 may be considered sufficiently small to neglect 
the difEeremce between cos 0 and unity, retaining only the first terms of the 
asymptotic expansions, we find (55) reduces for i large to 


Mm I — r — ; n 

J 0 V [^'E — ®e)] 


( 68 ) 


where % may be supposed to have an upper limit which approaches as 
closely as is consistent with 6 remaining small. On expanding by the binomial 
theorem with this assumption : 


reducing (68) to 


2w 


ujd 


-f 




"N/t^E — ®b)] 


dxjs. 


Making the substitution : 



we obtain 



( 69 ) 

( 60 ) 


(61) 


where the integration may now be regarded as extending to <» . 
This integral may be evaluated. For considering the integral : 


00 ^ 


cosh I ’ 


therefore 


and when 0 = 0, 


_ f“ ae-^'dz ^ r 

“J, 2V(*®— «*) Jo 

— 2tt I cosh ( . «!““**“•'** dt = — e“** y/n, 

I = — y/n f e"“ * doj + a constant, 

Jo 


da 


[‘ 

Jo 


* dt _ n 
cosh t~ 2' 


las — -y/w I e““'*riaj + ^ == V’t | «'*’* do,. 


BO that 
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Hence (61) is expressible in the form 



and its values may be written down from tables of the probability integral. 

At large Reynolds’ numbers the expression (62) gives correctly through 
the entire boundary layer, becoming —U on the boundary y — 0. Thus the 
expression is readily checked by re-calculating the drag coefficient from the 
velocity gradient it gives on the boundary. 

Again, it will be noted from (62) that the velocity distribution at the large 
Reynolds* numbers considered is a function of y/ViWU) only. This is well 
known also to be characteristic of Blasius* solution to Prandtl’s approximation. 
The assumptions made in deriving (62) are tantamount to supposing a thin 
boundary layer to exist. Agreeing, as is usual, to mark the edge of the boundary 
layer by a small change of the velocity of the fluid from the undisturbed value, 
and accepting 1 per cent, of the relative velocity of the plate for this purpose, 
we find, from tables of the probability integral, for A the thickness of the 
boundary layer on either side of the plate at the position x along it 

A, 2*58 x/x/k -= 3-64 V (vJc/U). (63) 

At the back edge of the plate this gives 

A/d==3-64/VR, (64) 

while the oorresponding thickness found by Blasius is given by 

A/d^r.^-S/VR. (65) 

Thus the two boundary layers are of the same parabolic form, but the boundary 
layer according to Oseen’s equation is one-third thinner than that resulting 
from Prandtl’s approximation. 

At large Reynolds* numbers observations have been made by Burgers and 
Zijnen* and by Hansenf of the distribution of velocity through steady boundary 
layers attached to flat plates. The two sets of experiments are not in agree- 
ment, but Hansen has investigated the difference and has shown reason why 
his results apply more reliably to flat plates moving through an infinite fluid. 

* ‘ Vwh. Akad. Wet, Amst.,’ voL 13, p. 32 (1924). 
t ‘ Z. Math. Phys.,’ voL 8. p. 186 (1928). 
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Accordingly, Hansen's observations, although they show the greater divergence 
from the present analytical solution, will alone be considered* They were 
made with plates of length 50 cm. in an airstream whose velocity ranged from 
400 cm. per second to 3600 cm. per second, fine pitot tubes being traversed 
close to the surface at various distances x, from 1 cm. to 25 cm., behind the 
nose or front edge. During the course "of the experiments effects of vaiying 
the shape of the nose and the roughness of the surface were investigated but 
were found not to be important in the present connection. 

The observations given in the original paper are replotted in fig. 7 against 
the non-dimensional quantity y/\/ (yocf\J), together with the present solution, 
which is shown as a fulMine, and Blasius’ solution, shown as a broken-line. 

1-0 

0*6 

0-6 
U 

U 

0-4 

02 


0 \ 2 3 4 S 

Fro. 7, Oseen's approximation (R large); Prandtl'a approximatioo 

(Blasius) ; * • Experiment (Hansen) (R large). 

As will be seen from tbe figure, the experimental points lie close to the Blasius 
solution, with which, however, Hiey are not completely in accord, but show a 
displacement towards the present solution. At the high Reynolds' numbers 
at which the experiments were carried out this result would be expected. 
But with much smaller motious experiment would be anticipated to agree 
more closely with the results of Oseen's approximation ; it would be of interest 
to conduct experiments at much smaller Reynolds' numbers to verify this 
deduction. 

The authors acknowledge with pleasure the valuable help and suggestions 
received from Professor Bairstow, F.R.S., and they are indebted for a grant 
to the Department of Scientific and Industrial Research. 
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Summary. 

In 1923 Professor Bairstow and Misses Cave and Lang obtained an integral 
equation for the distribution of doublets satisfying exactly the equation, 
of viscous motion to Oseen’s approximation, and the boundary conditions for 
a flat plate moving in its own plane through an infinite expanse of fluid. 
Hitherto, the equation has yielded, however, only to cumbersome methods of 
evaluation at chosen Reynolds* numbers. In the present paper Abere work is 
applied to obtain an approximate anal 3 rtical solution in the form of a simple 
continuous function of Reynolds’ number. The method is proved only for 
motions of appreciable magnitude, but comparison with a second order solution 
for small motions, which is also obtained, and with existing graphical evalua- 
tions shows that it applies with unimportant errors throughout the experimental 
range. 

Streamlines and other details of the flow are illustrated, A feature of large 
motions is a concentration of vorticity at the back edge of the plate, sug- 
gesting the eventual formation of an eddy there. 

At the large Reynolds’ numbers considered in the well-known Prandtl- 
Blasius theory the present solution reduces to the same form. Asymptotically, 
the resistance is found to be 70 per cent, greater and the viscous boundary 
layer one-third thinner than calculated by Blasius from Prandtl’s approximate 
equations. This indicates the ultimate importance of the inertia terms 
neglected by Oseen. Examination of careful experiments recently carried 
out by Hansen, however, suggests that the present theory may diverge some- 
what less from observation than from Blasius’ solution even near the limiting 
Reynolds’ number for steadiness, viz., 5 X 10*. There appears need for 
further experiments at intermediate Reynolds’ numbers, when closer agree- 
ment between observation and the present solution might be expected. 
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The Determination of the Angles between Covalencies, from 
Measurements of Electric Dipole Moment. 

By 6. C. Hampson and L. E. Sutton* 

(Commimioated by N. V* Sidgwick, F*R.8. — ^Received December 6, 1932*) 

Introd^tction. 

Of the methods which have been devised for the measurement of angles 
between covalenoies, the one based on measurements of electric dipole moments 
is among the most valuable. 

Descriptions of considerable experimental work on the subject have been 
published by several authors, but the discussions of the basis of the method, 
its further possible applications, the possible errors and their probable importance, 
are not only scattered, but incomplete. It therefore? appeared desirable that 
a more complete, general treatment of these matters should be given, and the 
present communication is an attempt to do this. 

In the discussion that follows, all electric dipole moments are given in terms 
of lO'*^ e,s.u. 

Basis of Method. 

Covalencies may be regarded as characterized by electric dipole moments, 
the axes of which lie along the lengths of the valencies, and the moment of a 
particular link is approximately constant in magnitude in similar types of 
compound.* 

Since electric dipole moments are vectors, it is possible to apply the methods 
of vector analysis in suitable cases to determine the angles between them, from 
a knowledge of their individual magnitudes and that of their resultant, and 
therefore we may sometimes evaluate the angles between covalencies from such 
measurements.f 

♦Thompson, ‘Phil. Mag./ vol. 46, p. 497 (1923); HOjendahl, “Studies of JHpoUt 
Moment/’ Diss., Copenhagen (1928); luoken and Meyer, ‘Phys. Z,/ voL 30, p. 398 
(1929); Debye, “Polare Molekeln,” Leipzig, p. 69, et seq. (1929); Smyth, ** Dielectrio 
Constant and Moleonlar Structure, ” New York, pp. 63, 88, 99, 101 (1931) ; Wolf and 
Fuchs, “ Stereoohemie “ (Freudenbeig), Leipzig and Vienna, p. 235 (1932); Sutton, 
‘ Proc, Boy. Soo./ A, vol. 133, p. 668 (1931). 

t Smyth and Morgan, ‘ J. Amer. Ohem. Soc.,' vol. 49, p. 1030 (1927) ; Bergmamt and 
Engel, * Z. Phys. Cham./ B, vol. 8, p. 117 (1930), c/. later. 
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These detenninations are often only qualitative, thus in particular it is 
frequently possible to decide whether or not the covalencies in a molecule are 
coUineor, or ooplanar, but sometimes angles may be determined comparatively 
accurately and it is with this latter, quantitative type of determination, that 
we are concerned in this (communication.* 

Simple Quantitative Applications. 

In the case, a very common one, wherein there are two covalency moments 
of known, but not necessarily equal, magnitude angle between them, 

0, may be calculated, if the magnitude of their resultant also be known, 
from the equation 

e cos-^ (1) 

2 Pi Pa 

Similarly, if there are three vectors of known, eqml magnitude pj, equally 
inclined to each other, it is possible, knowing the magnitude of the resultant 
p.^, to calculate the angle 6 between each pair, from the equation 

e = 2co8-4 (2) 

3(x,* 

When the (sovalency moments under consideration are the only ones in the 
molecule (as are the 0— H moments in the water molecule) or when any others 
are so small that they may be neglected by comparison, the resultant moment 
of these components is the total moment of the molecule. This resultant has, 
however, more often to be determined from the change in moment which occurs 
when the components are introduced into a molecule which already has an 
appreciable moment. Certain restrictions apply to this latter method, since 
the change in moment is a function not merely of the magnitude of the resultant 
of these vectors so introduced, but also of the angle between it and the moment 
of the original molecule. The practical consequences of this will appear 
subsequently. 

An example of the application of the former of these methods is the calcu- 
lation of the angles between the C — halogen valencies in methylene chloride, 
bromide, and iodide, and in chloroform, bromoform, and iodoform. We may 
assume that in these compounds the moments of the C — H valencies may be 

* For qualitative applioations ae© WilliamB, * Fortachr. Ohem. PhyB.,’ vol. 20, p. 280 
0t Hq . ; Bmyth, loc. cit^ p. 06 et seq . ; Sidgwiok and Bowen, * Obem. Soo. Ann. Rep./ 
p. 887 et seq. (1981) ; Wolf and Fuchs, loc. eit,, p, 2B2etseq, 
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neglected in comparison with those of the C — halogen links, and that the ma^- 
tude of the latter may be taken as equal to those of the corresponding methyl 
halides. The errors introduced by these two assumptions tend to canoel out 
each other.* 

The values obtained are given in Table I and compared with those calculated, 
for the chJoro compounds, by Bewiloguaf from the distances between the atoms 
as determined by X-ray diffraction experiments on the vapours. 

(Dipole moment values are from Debye, loc. (it., including supplements.) 


Table 1. 


SubBtanoe. ! 

« 1 

! Ml* ' 

1 1 

MB- 

8 Dipole. 

8 X-Ray. 

CHfiCl] 1 

CHClj ' 

1'88 

i;0-or> 

1-56 f 0*05 

i3r ± 3*^ 

124° i- 6° 

1*88 

±o-or, 

i n io oft 

116° 16' ± 10' 

11G“ ± 3” 

C'OjISrg 1 

1 

<80 1 

1*40 

134“ 0' 


1 

•80 1 

0-99 

116“ 44' 

— 

CH,1, 1 

1 

■6:j 

MO 

140“ 34' 



CHI, 1 

1 

•03 

0*90 

116“ 40' 

' — 


InleTa(^iQn between Dipoles. 

The agreement of the two sets of data is within the limits of experimental 
error. In some other cases wherein the components are close together there 
is, however, sufficient interaction between them to vitiate the calculation. 
For example, the angles between the C — ^halogen valencies in the ortho di- 
halogenated benzenes calculated by Smyth and Morgan Qoc. cit.) and by 
Bergmann, Engel, and SandorJ are improbably large, though there are no 
X-ray measurements in the vapour by which they may be checked. For 
ois-dichloroethylene, however, such measurements have been made,§ and 
Bergmann and Engellj compared the results obtained by the two methods. 

Bergmann, Engel, and Wolff, ‘ Z. phys. Chem..’ B, vcl. 17, p. 81 (1932), have performed 
a simUar calculation, allowing a value of 0*4 for the moment of the C-H link. There 
appeals to be no experimental justiffoation for so high a value being taken. 

f * Phys. Z.,* vd. 32, p. 266 (1931). Bewilogua used hia observed anj^es to oaloulate 
dipole moments for comparison with those reported. 
t ‘ Z. phys. Chem,,’ B, voi. 10, p. 106 (1930). 

§ Debye and Ehriiardt, * Phys. Z.,* vol. 81, p. 142 (1930), for revised values see Bewilogua, 
“ Physikalisoh-Chemisohes Tasohenbuoh ’* (Druoker), Leipzig (1932). 

II * Z. phys. Chem,,’ B, voL 8, p. 111 (1930), 
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Taking the moment of chlorbenzene (1*66) to give the moment of the C~C1 
link in this case and taking the mean of Errera's value* and MiiUer and Sack's 
value, f 1*80, for the moment of cis-dichloroethylene, he calculated the angle to 
be 106^t 

The value given by the X-ray data, now recalculated taking the Cl — Cl distance 
as 3*6 A., the C = C distance as 1*33 A.§ and the C — Cl distance as 1*8 A,,|| 
is, however, 78° which agrees quite well with the value 70*6° calculated from 
the Van't HofI model for the molecule. Here, therefore, there is marked 
interaction, though the vectors are farther apart than in methylene chloride. 
This has been treated by Smallwood and Herzfeld^ as a simple polarization, 
but in view of the comparatively normal behaviour of the chlorinated methanes 
it is probable that some other effect, connected with the presence of the double 
bond, is more important.** 


Siihstitution Methods. 

If the components between which the angle is being measured are eovalencies 
formed by monovalent atoms with some pol 3 rsralent linking atom or group, as 
in the cases cited, or in water or ammonia, then this angle must necessarily 
be calculated from their resultant, and, as we have seen, if they are close 
together errors are apt to arise from interaction. If, however, at least one of 
the covalencies is formed by a carbon atom, which is part of a benzene ring, 
with such a linking atom or group, the angle between this and another may be 
determined as the angle between the latter and the covalency of the benzene 
ring, which is in the para position to the former, assuming these para covalencies 
to be collinear.ft Kisk of interaction is then greatly reduced, owing to the 
greater separation of the polar groups used. Thus, there becomes available 

* ‘ Phya. Z./ vol, 27, p. 764 (1926). 

t ‘ Phys. Z.; vol. 31, p. 815 (1930). 

I The moment of vinyl chloride has not been moaanred, but from the similarity of the 
moments of vinyl bromide (1 *4) and brombenzene (1 *62) it appears probable that it would 
be approximately equal to that of chlorbenzene. 

§ * Chem. Soc. Ann. Bep.,* p. 384 (1931). 

II Bewilogua, * Phys. Z./ vol, 32, p. 265 (1931). 

% * J. Amer. Chem. Soc./ vol. 62, p. 1919 (1930). 

*♦ C/. Hilckel, “ Dipole Moment and Chemical Structure,” p. 90 (Debye), London (1931) ; 
Bennett, * Chem, Soc,, Ann. Bep.,' p, 182 (1920) ; Sutton, Icc. cit. 

tt Williams, * Phys. Z.,* vol. 29, p. 683 (1928) ; Errera, he, cit, ; Weissberger and S&nge- 
wald, * Phys. Z,,’ vol. 30, p. 792 ( 1929) ; Smyth Morgan and Boyoe, ‘ J. Amer. Chem, Soc.,' 
vol. 50,p, 1586(1928); Smyth and Morgan, Walden and Werner, * Z. Phys, Chem.,’ 

B, vd. 2, p. 10 (1929). 
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a series of methods for determining angles which we may classify as the “ sub- 
stitution methods.” Not only do these offer the possibility of obtaining more 
accurate values but, even more important, they freqtiently provide the only 
possible means of measuring the angles bt»tween the covalencies of certain 
atoms, as for example oxygen or nitrogen, where, since it is impossible to 
determine the moment of any oxygen or nitrogen valency independently of a 
previous knowledge of the angle, the first group of methods, not using 
substitution, is inapplicable. 

The first to be considered are the methods in which mono-substitution is 
employed. Suppose that it is desired to find the angle between the covalencies 
Ph — A and A— B and that there is a gnnip X* substituted in the para position 
to AB, that it has a moment ptphx which acts along the axis of the benzene ring, 
and that the total moment of the molecule is If, now, a second group 

y,t which has a moment acting along the axis of the benzene ring, 

be substituted for the first, this will cause a change of moment of [Xpuy ““ M-Phx^ 
which will be denoted by fjLg4 along the same axis, and the total moment will 
change to 

If X is, for example, hydrogen, and Y is chlorine, then jxg is the observed 
moment of chlorbenzene, provided that neither [jLpi,^ (J^phY ^ altered by 
the presence of the group A — B in the para position. In general, [Xg is the 
moment of p-C^H 4 XY. From these data the vector triangle PQR can be 
solved, by applying equation (1), and the angle 180 between the vector 
fxpjjx or P-pbY (and therefore the covalency Ph—A) and [Xq thus obtained.§ 


* Such as H. a, Br, I, CN, CH 3 , NO, and NO. 

t If the group AB is attached rigidly to the benzene ring, so that the two cannot rotate 


relative to each other, as in fluorenone 



0 


the meta oovalency may be determined (Bergmann, Engel and Hoffmann, ‘ Z, phys. Chem.,’ 
B, vol. 17, p. 92 (1932) ) ; if the group is not rigidly attached, this angle changes as the 
group rotates, and the meiumrements cannot be interpreted. Provided that the only 
axis of rotation is the line through the two para covalencios, the angle between the gtoup 
moment and the para covalency is constant, and can therefore be determined. 

X These terms, ji,, and are employed in preference to the 5, yj, and p, employed 
by Bergmann, or the pj, p, employed by Smyth, as they are more self-cxplanatary. 

§ It is also possible, in ia*moiple, to determine from the moment of a compound, in 
which there are two of the groups AB at opposite ends of the molecule, which can rotate 
freely relative to one another about a common axis, viz., the line of the valendes joining 
them to the molecule (e.jr., hydroquinone di-methyl ether). ^ is now the angle between 
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X— C 


H H 

H H 

/ )C— A^ 

/C-Cs^ 
Y— c: 


\:-o/ 

H H 

H a 




B 


S' S PR 



The required angle 6, between the covalencies Ph — ^A, and A — may now 
be obtained if — 

(o) the angle <}/ between the covalency A — B and the moment is known ; 

(6) 6 is a known function of <f>. 

If neither of these conditions is satisfied, but if — 

(c) the magnitude of the moment — (tpiix 

(d) the moment [i^b of tli® covalency A — B is known, 

t^en tj; can be determined by solving the vector triangle PQS, and 6 (equals 
^ 4*) evaluated. Though by using condition (d) amlnguous results 

are obtained (corresponding to the triangles PQS and PQS') it would usually 
be possible to decide which value was correct. The correspondence of these 
various possible methods with actual cases will be discussed later. 

If the linking atom or group is attached to two or more benzene rings, 
another, qmte independent method of measuring the angle between these 
becomes available. By introducing groups into the pam positions in each 

the moment of each group and this axis, so the component of each perpendicular to it is 
g, sin ^ and therefore the observed moment is 2|Xo sin ^ (Wiiliams, * Z. phys. Ohem.,* A, 
vol. IW, p. 78 (1988) ) whence ^ can be evaluated. Actually, this method is not very 
useful, because of the uncertainty that the rotation is oom^tely free, because it is vety 
insenritive if ^ is between 65° and 00°, and because it cannot distingttirii between an acute 
Mid an obtuse angds* 
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ring, 80 08 to catise known changes of moment (jig along the axis of each, and 
determining their resultant from the change in the moment of the molecule 
when they are introduced, the angle between them may obviously be obtained* 
This resultant may be determined from two measurements, of the moment of 
the molecule before and after substitution, and 6 can be calculated either from 
the equation : — 

6 = 2. coB^i == 2 . (fjur IXo)/2(jib’*‘ (3) 

applicable to the di-phenyl compounds, or from the equation : — 

e = 2 . C08-^ i ± te' == 2 . cos-^ I "tiig ~ (4) 

applicable to the tri-phenyl compounds, only if or [iji and [i.® are coUinear, 
which in practice means that they must lie along the axis of symmetry of the 
molecule. Thus, when this condition holds, there are two independent methods 
of determining the angle between the given covalencies, namely the method 
just described, and also the previous one using mono-substitution, the con- 
dition (6), that 6 is a known function of <f> then being satisfied. For com- 
pounds with two phenyl groups, e.g., di-phenyl-metbane, di-phenyl ether, 
di-phenyl sulphide, or benzophenone 

6 = 360® — 2<l>, (6) 

tind for those with three, e.g., tri-phenyl-methane, or tri-phenyl-amine 

6 = 2. cos”* I V3 co8*^ 1, (6) 

For the latter compounds yet a third, independent determination of the 
angle may be made, from the change of .moment, following substitution into 
the para positions of two of the three benzene rings, when 

cos e = W + ± 

Thus in general, for compounds satisfying the symmetry condition, that 
should be coUinear with the axis of symmetry of the molecule, there are as 
many independent ways of determining 6 as there are ben^ne rings attached 
to the central atom* 

* UnleM the sense of the moment pti relative to can be deduced independency, 
these equations give ambiguous results, for (tx oan be taken as the numerioid sum or 
difference of and The mono* and poly-substitution methods are then not entirely 
independent (</« p. 572)* 



The Determination of the Angles hdween Comlencies. 569 


The next most complex case is that where the moment of an unsub- 
stituted di-phenyl compound is not collinear with the bisector of the angle 
between the axes of the benzene rings, but is equally inclined to both of these, 
eg., di“phenyl-amine, di-phenyl sulphoxide. In order to evaluate 6 it is 
then necessary to make three determinations of moment, those of the 
unsubstituted, the mono-p-substituted, and the di-p-substituted compounds, 
\^T respectively, when the following equation may be applied 


6 


2tis* 


( 8 ) 


The angle <o, between the resultant QP, fig. 2, of the unsubstituted molecule, 
IIq, and the perpendicular to the plane contaming the axes of the two benzene 
rings, Q 2 , may also be calculated, from the equation 




sm 


“i&L 




2fXo . . cos 6/2 


(9r 


If QP, i.e., [Xo» is the resultant of two equal moments, QM, QN, acting along 
the axes of the two benzene rings, and of another, QS, which, to satisfy the 
symmetry condition for the type of molecule under consideration, is not co- 
planar with but is equally inclined to these, then if the resultant, QT, of MQ 
and NQ alone, be known the angle 90° — <7, between the third valency QS 
and the plane containing the first two may be calculated, using equation (2), 
and then, since t, the angle between QS and QM, is given by the equation 


cos T = sin o . cos 2/6, 


(10) 


* The general equations, of which these are simpliiied forms, were derived by Mr. A. F. 
Walker, of Brasenose College, to whom we are greatly indebted. The proof is the following, 
using the nomenclature of fig. 2. The vectors MM', NN', QP (a, 6, c) are known ; the angles 
0 and <0 are unknown. 

MM' has components (— a . sin 6/2, a . cos 0/2, 0) ; 

NN' has components ( i . sin 0/2, b . cos 9/2, 0 ) ; 

QP has components (0, c . sin ei, c , cos o). 

The resultant of NN' and QP, a say, is known, thus 

a* = 6* . sin* 8/2 + (6 • cos 0/2 -f c . sin co)* + c* . cos* w 

4- c* -f 2hc . COS 0/2 . sin (i) 

Resultant of MM', NN', and QP, R say, is known, thus 

Rt (rt _ j))t . sin* 0/2 -f {(a + fr) . cos 0/2 + c . sin to}* + c* . cos* to 
a* -f b« -f 2 o 6 . ooB 6 -h 2 (a + . c . cos 0/2 . sin CO -h c* 

^ ^ ^ ^ 2ab .coH 0)b ^ (a (a* - f»* - c*) 

2a6* . cos 0 ss {R* — a* — 6* — c*) & — (a 4- 1) ( a* — &• — c*) 

«»(Ri-a«)6 + a(6*4- (ii) 

We th\w have 0/2 and (i) then gives to. 
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the angles between all the valencies of the central atom may be determined. 
If only QS and not QT be known an ambiguous solution results. 


z 



An alternative method of determining 8 and o) in this type of molecule is to 
measure the moments of two derivatives each with two identical groups sub* 
stituted into the para positions, these groups being, of course, unlike in the two 
derivatives, and differing as widely as possible in the substitution moments, 
Pq, and p'g, which each sets up when introduced. If the total moments are 
and |a' X respectively, then* 


e S. cos-1 (h-m— t) (h-o+ Ix't)— (tip— (l^4- 


( 11 ) 

* From the above data it will be seen that 


(At* f 6/2 — 4 (A(,Pm . oos 6/2 . sin (a 

p' T* ^ (* 0 * + . COB 0/2 . sin eo 

. pV - . ooH« 6/2 [x'V ~ - 4p^B> . ooB* e /2 

4p^. COB 6/2 COB 6/2 

cos* 6/2 * ^ (Pt> + p"t) 

^ 4p«p'»{p'g - ps) 

cos 6 iss ** P t) (po P t) — Ph (po " p t) (Po + P^^t) — 2pBpV (p^g ^ pa) 

^bP's (p'h - pg) • 

&> can then be evaluated by sub»titution into the equations for jt*V and p'V- 
The angle 6 cannot be determined from the moments of two differently moifO-|Mv»- 
Biibetituted oompoundfl, since functions of 6 and o do not then appear as ii^pendent 
variables in the equations. 
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One still more complex system which deserves attention is that in whiidi 
the linking group is attached to two benzene rings but where the moment ot 
the unsubstituted molecule, (Xg, though coplansr with the axes of these rings, 
is not collinear with the bisector of the angle 9 between them. Examples of 
this type are molecules with the group PhjC = doubly bound to another which 
is unsynunetrical about the plane of the double bond, such as the N-methyl 
ether of benzophenone oxime, of an anil of benzophenone. Pig. 3 represents 
such a system, OX, OY are the actual axes of the benzene rings 1 and 2, OZ 


X Y 



is the bisector of the actual angle 6 between them (and therefore is the direction 
of the double bond), OA represents (Xg. 

By introducing a substituent into ring 1, so as to set up a change of moment 
(Xg, OB, along OX, and measuring the total moment (Xr, OC, of the product, 
the parallelogram OBCA can be solved, and the angle ^ thus obtained. 
Similarly, by substitution into ring 2, can be determined. Since, however, 
these angles are specified only relatively to OA, 6 is not uniquely determined, 
for it could be either the sum or the difference of ^ and (corresponding to 
XOY tmd XOY'). To decide between these values, the moment OD, of 
the di-aubstituted derivative must be measured and compared with the 
posnble values it could have for these values of 6, OD and <H)', when the 
correct angle may be distinguished. Thus it is necessary to know tJie moments 
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of four different substances. If a single mono-substituted compound and the 
di-substituted one were used, a similar ambiguity would arise, though in 
practice it would usually be possible from other considerations {cf. footnote 
p. 568) to choose the correct value in such pairs. 

The angles between other covalencies and OX, OY may be calculated by 
methods similar to those described on p. 567 if the necessary data, e.jf., the 
magnitude of the component of along OZ, are obtainable. If, however, 
there is a third benzene ring attached to the linking group, as in the anil of 
benzophenone Pha C : N . Ph, the angle between any pair of benzene ring 
axes may be determined by the above described method, and the complete 
spatial arrangement of the molecule thus derived. 

More complex systems than this can be devised, but their analysis is at 
present of no practical value. 


Discussion of Errors, 

In view of the anomalies in the moments of the or^Ao-di-substituted ben- 
zenes, which have already been mentioned on p. 564 it appears possible that 
the groups in the pam-position to each other may also interact and thus cause 
the angles calculated by the above described methods to be in error. Various 
authors have examined this subject* and in particular Smyt-h and Wallsf 
have discussed its bearing on this special problem. From comparisons of 
the observed and calculated moments of para di-substituted compounds, they 
concluded that the interaction was negligible. Th(' range of compounds 
which they considered was, however, limited and several more relevant values 
are now available, and are included in Table II, which is an expansion of that 
given by the above authors. 

The dipole moment values quoted are taken from Debye, loc, c^^., including 
supplements 1 and 2, or from Wolf and Fuchs, he, dU, when they are the only 
reported values ; when several values have been reported the arithmetic 
mean is given, and the number of values from which it is derived indicated 
by a bracketted figure. 

In general, the observed and calculated values agree to within 0*2 except — 

(a) Where the smaUness of the moment renders its value peculiarly liable 

* Hojendahl, loc. cU„ p. 114 ; Smallwood and Herzfeld, loc. cU, ; Tiganik, * Z. pbys. 
Ckem.,' B, vol. 18, p. 426 ; WoK and Fuchs, loc. cit. 

t * J. Amer, Chem. Soo.,* vol, 64, p. 1864 (1932). 
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to error owmg to increased experimental difficulties and the greater 
effect of uncertainty in the atom polarization (see p. 576),* and 
(6) Where the two groups cause large and opposed electrometric effects in 
the benzene ringt as in ^nitrophenyl azide and the jtKsyano-phenyl- 
halides. 

Table II. 


Para snbstiitientfi. 

Observed. 

Calculated. 

CHg NO, 

4-40(2) 

4*38 

Cl 

1-84 ( 2 ) 

2*01 

Br 

1*97 

1*97 

NO 

3-98 

3*94 

N, 

1-96 

2*00 

NO, F 

2-63 

2*46 

Cl 

2-42 (3) 

2-37 

Br 1 

2*49(2) 

2*41 

1 i 

2*63 

2*60 

CN ! 

0*69 

0*03 

N 3 

2*8 

2*38 

CN Cl 

2*61 

2*34 

Br 

2*64 

2*38 

I 

2*80 

2*63 

01 NC 

2*07 

1*93 

N, 

(0*35) 

0*00 


Basic Values of (Xg. 


Ph. . OH, 

0*45 

(3) 

Ph. 

Cl 

1*56(13) 

Ph. 

F 

1*46 

Ph. . NO, 

3*93 

(«) 

Ph. 

Br 

1*52 (5) 

Ph. 

NC 

8*49 

Ph. . ON 

3*90 

(3) 

Ph, 

.1 

1*27 (2) 

Ph. 

.N, 

1*55(2) 


A test which gives a clearer idea of the effect of such possible interactions on 
the angles as calculated by these methods is the comparison of the values 
obtained for the angle between the moment of the unsubstituted molecule 
and the axis of the benzene ring, in anisole and aniline, from various para- 
substituted derivatives.} Most of the data are those quoted by Bergmann and 

* Errera, ** Polarisation Dieleotrique,” Paris, Press. Univ. (1928) ; Hojendahl, loc. 
p. 37 ; Smyth, 2oc. p. 163 ; Wolf and Fuohs, loc. c$t., pp. 195, 213. 

tSee Sutton, loc. cU,, and references therein, also Hammiok, New and Sutton, 
ahenhSoo.,’p. 742 (1932). 

} A few data exist for subetitttted phenok but the values of ^ which they give axe so 
dkoocdant that it appears probable that the measurements are in error (Sutton, loc. ctl. 
p. 39$) : the extrapolation of the Pg//g curve for these substances would be especially 
dijQQoult, owing to their marked assooiaiion (Sidgwiok, Meotronic Theory of Valency,'* 
p, 132, Ox£(»d (1928) ; Bidgwiok and Baylks. * J. Qhem. Soo.,* p. 2027 (1980) ). 
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Tscliudnowsky,t but the values of the angles have been recalculated^ both 
graphically and arithmetically, and in some oases differ appreciably from those 
given by these authors. 


Table III. — ^ in Anisole. 


Para- 

substituent. 

' Moment of 

para-substituted 
derivative. 

Pt* I 

1 : 

*■ 


F S 

2*09 

\ 

76 

1*45 

Cl 

2*24 

71*6 

1*56 

Br 

2*12 

78* 

1*52 

I 

2*27 

48 

1*3 

NO, 

4*36 

77 

3*93 

CH, 

1*20 

80 

0*45 


/^•(aimoie) 1*19(2). 


* [NoU added 13 January^ 1933. — A more recent value of 2*24 for p^bromoanisole obtalaed 
by Smyth and Walle (‘ J. Amer. Chem. Soc.,’ vol. 54, p. 3230 (1932) ) makee f 09*.] 


Table IV. — if> in Aniline. 


Para- 

substituent. 

1 Moment of 

pom-substituted 

derivative. 

Pt* 

f 

Ma* 

F 

2*76 

47 

1 

1*45 

01 

2*97 

35 

1 56 


2 93 

se-5 




2-90 

43 

— 

Br 

2*87 

42 

1*52 

I 

2*82 

17 

1*3 

CH, 

1*31 

60-6 

0*45 

NO, 

6*4 

(0) 

3*93 


M. (■niline) 1-S6. 


The angles calcolatod from all except the iodo compounds and |>*nitnmili06 
are concordant to within about 8°, being 71-&-80'’ for the an i s o H, and 40**- 
47° for the anilines, and this corresponds to an uncertainty of about 0*1S in 


t ‘ Z. phys. Chem.,’ B, y<d. 17, p. 100 (1988) ; p. UW. 
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the moments along the bemsene axis^^ which is roughly equal to the average 
discrepancy between observed and calculated moments in Table I. 

The anomalies shown by the iodo compounds may be due to inaccuracies 
in the observed moments, f but that of p-nitraniline is very probably due to 
pronounced interaction between the para groups. J In this compound, again, 
the groups set up large and opposed eloctromeric effects in the ring ; a further 
example of the mutual effect of such pairs of groups is the abnormality of the 
moments of the p-nitro8o-di-alkylanilines§ wherein the nitroso group sets up 
a large electromeric effect || and the di-alky 1-anilino groups almost certainly 
set up positive ones. It is, indeed, surprising that the value of <f> from p- 
nitroaniflole is normal. In general, therefore, it appears that provided the 
compoimds used are not of this type the interaction moment ** along any 
benzene ring axis will not be more than about 0 • 16 and, to give a rough general- 
ization, angles should be determined within ±5® of their true value.^ 
Obviously it is desirable to use as many different substituents as possible, 
and take a mean value. 

In some cases it is possible to minimize the effect of possible interaction by 
choosing the most suitable of the alternative substitution methods, if more 
than one is available, according to the following considerations. As we have 
seen, the angle in a di-phenyl compound which has its moment and axis of 
symmetry collinear may be determined by either a mono- or a di-substitution 
method, and it may be shown that, in general, the value obtained from one 
will be more prone to error caused by interaction than will the other. Suppose 
that in the mono-substituted compound there is an interaction through the 
ring which causes a small change of moment Sjixg along the direction of fjig, 
then by differentiating the Thomson equation (1), calling the angle between 
the vectors p,** we find 

If in the diHsubstitttted derivative similar small changes arise in each 

* Determined graphically a« the difference of the projections of the anisole or aniline 
monMUit vector on the benzene ring axie at the extremes of the observed range of angle, 
t Cf, Bergmann and Tsohudnowsky, he, dt. 

;( HOjendahl, he, cU,^ p. 118 ; Bennett, he, eU, ; Hiickel, he, cU, 

$ Le Ftvre and Smith, * J. Chem. Soc.,* p. 2239 (1932). 

11 Hammiok, New and Sutton, he, cU, 

if qr. K. L. Wolf, ‘ Z. phye, Chem.,» B, vol. 17, p. 466 (1982). 

♦♦ p will be 6/2 or 180 — 6/2, according to the direction relative to the benzene ring, or 
“ sense,” of pi. 
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riag, then from the differentiation of the equation ^ (Xq -f* 2}% . oos p, 
on which equation (3) is based, it follows that 


If §1^ == n . SajjLg* 


^2P — ^ 

Safxg (Xg tan p 

1 H ^ — 1, 

Oap V ^ 0 . cos p/ 


( 12 ) 


and the first method is more or less accurate than the second as this term is a 
proper or improper fraction, which may be positive or negative. In the di- 
substituted compound the total amount of interaction is likely to be greater 
than that in the mono-substituted one but, since the central, linking atom or 
group may tend to a state of saturation, or exliaastion, towards these effects, 
the amount in each ring in the former is probably less, i.e., n is at least unity 
but is probably not more than 2. Whatever the value of n, if p <! 90°, so 
that cos p is positive, the error in p, and therefore in 6, is greater in the first 
value, while if p > 90° the reverse holds true unless 


^ in — 1 ), 

[Iq . cos p n 

when again the di-substituted compound gives the more accurate result. 
This criterion may be applied to decide how best to use various possible sub- 
stituent groups. 

Another matter to be considered is the error in determining the moments. 
This decreases rapidly as the magnitude of the moment increases because the 
polarisation, which is the term calculated directly from the dielectric data, is a 
function of the square of the dipole moment. Errors in measurement, therefore, 
become very much less important when the compound has a considerable 
moment, and so too do those due to atom polarization, which are liable to be 
present when the approximate solution method is used*{for reference see p. 673). 

^ [Note added in proof January 13, 1933.— Smallwood in a rooent paper (* Z. phy*. 
Chem.,’ B, vol. 19, p. 242 (1932) ), lias ptiinted out that the possible importance of the 
effect of the solvent in affecting the magnitude of moments determined in solution is 
often overlooked and suggests that errors may frequently arise from this cause. On 
examining the available data Smyth and Walls, < J. Amer. Chem. Soc.,* vol. S4, 
p. 3230 (1932), for values in bonsccne and heptane) it appears, however, that oases where 
there is marked interaction are exc?eptional and fall into two main classes, viz., 
compounds whose moments are functions of the freedom of rotation of the groups in 
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For this reason the moments of the compounds, both before and after sub- 
stitution, and of the substituents themselves should be as large as possible, 
since it is on the accurate determination of these that the evaluation of the 
angle depends. As a first approximation, taking the absolute errors in polariza- 
tion due to observation, or neglected atom polarization, as constant, the 
absolute error in the moment is inversely proportional to the magnitude of 
the moment. It may be shown that the error in the angle of a triangle, calcu- 
lated from a knowledge of the lengths of the sides, which are independently 
variable and each liable to the above type of error, is a minimum when the 
triangle is equilateral. In practice, one side, QP (pp), of the vector triangle is 
necessarily fixed, and the pracjtical (‘.onclusion then is that PR (ps) and 
QR (px) should be at least as great as QP : the possible error in (f> decreases 
as they increase relative to QP. 

Experimental Applimtiom . 

Many of the substitution methods described above have already been 
applied. Of those involving mono-substitution (see p. 566) the first has been 
used by Haasel and Naeshageu* to determine the angle between the C = 0 
and Ph — C links in acetophenone, and by Smyth and Walls (Hoc. cit.) to deter- 
mine that between the C — Cl or C — C = N and Ph — • C valencies in benzyl 
chloride or cyanide, it being assumed that the moments of the unsubstituted 
compounds are collinear with the C = 0, C Cl, and C — C = N valencies, 
t.6., that the angle ^ is zero. 

The second of these methods has been employed to measure the angles in 
di-phenyl-methane, di-phenyl ether, di-phenyl sulphide, benzophenone, di- 
phenyl ethylenic compounds, and di-phenyl 8ulphone,t the relation 6 = 360 —2^ 
holding for all these compounds. It has also been used to measure the angle 
in tri-phenyl-methane, t wherein 6 = 2. cos”^ | VS . cos* ^ -f I. 

them relative to one another, and oorapounds liable to undergo ohemical assooiation. 
It may be remarked that the agreement between the observed and calculated values in 
Table I could hardly be fortuitous. It is possible that some of the smaller moments, 
particularly those of substances with highly polar groups in them, e,g.y p-nitrobenaoni- 
trile, measured in benzene may be liable to an appreciable error of this sort.] 

♦ * Z. phys. Ohem,,’ B, vol. 16, p. 417 (1982), 

t Bergmann, Engel and Wolflf, ‘ Z, phys. Ghem.,' B, voL 17, p, 81 (1932) ; Bergmann, 
Engel and Sandor, ‘ Z. phys. Chem./ B, voL 10, p. 397 (1930) ; Bergmann and Tsohud- 
nowaky, * Z. phys, Chem.,’ B, vol. 17, p. 107 (1032) ; Bergmann, Engel and Meyer, * Ber. 
deuts, ohem, Ges.,' vol. 65, p. 446 (1032) ; Bergmann and Tschudnowsky, * Bor. deuts. 
ohem. Ges.,’ vol, 66, p. 457 (1032) ; Smyth and Walls, * J. Ainer, Chem. Soc.,* vol, 64, p. 
3230 (1932). 

X Bergmann, Engel and Wolff, loc. cU. 
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The third method has been used by 8 m 3 rth and Walls (ioc. mL) to evaluate 
the angles in anisole and phenetole, taking a value of the moment of the 
Ph — 0 valency (;alcnlated from the moment of di-phenyl ether, of which the 
angle had already been det<^rmined independently. 

The fourth method do<*s not appear to have been applied. 

Of the di-substitution methods only that for compounds having two benzene 
rings and a moment collinear with the axis of symmetry has been used. By 
means of it, the angles in di-phcnylmethane, di-phenyl ether, di-phenyl sul- 
phide, benzophenone, and some di-phenyl ethylenic compounds have been 
measured (see previous references to these substances). 

The tri-substitution method has been used only for tri-phenyl-methane (see 
previous reference). 

The methods in which the moments of mono- and di-substituted derivatives, 
or of two di- 8 ubstituted ones, are used simultaneously (see p. 569) have not 
hem previously described. We attempted to use the data for di-phenyl 
Bulphoxide, and the mono- and di-chloro derivatives given by Bt'rgmami and 
Tschudnowsky* but obtained a value of about —2 for cos 0. On closer 
examination it appeared that the values of ^A+O (atom polarization plus 
orientation polarization), at infinite dilution, used by these authors in calcu- 
lating the moments of the mon- and the di-chloro compounds were not the 
most probable extrapolations from their points, and we have therefore re- 
calculated these moments taking values of 270 and 144 (vice 323 and 157) for 
obtaining moments of 3-60 and 2*62 (vice 3-94 and 2*7). 
Using our values, 6 , from equation ( 8 ) is 119*^ 36', and w from equation (9) 
is —73^ r. Now, taking the angle between the Ph — 8 covalencies in di -phenyl 
sulphide to bc^ 140^ (see references above), it follows that, from the moment of 
the substance (1*47), the moment along each of these valencies is 2*2. If we 
assiune that the moment along each of these is the same in di-phenyl sulph- 
oxide as in di-pbenyl sulphide, their resultant in the former compound will be 
2 X 2*2 X cos 69° 48' = 2*21. On solving the vector triangle formed by 
this resultant, the total moment of the molecule, and the moment of the 8-^0 
link, the angle o is found to be — ZT" 30', and therefore t is 107° 47'. The 
moment of the S 0 link, which is evaluated incidentally, appears to be 2*36. 

Further discussion of the experimental results will be given in a later paper, 
in which the results of further measurements on some of the types of substance 
enumerated will be described. 


♦ * Ber. deuts. ohem. Gee.,’ voL 66, p. 467 (1982). 



Aerofoil in a Wind Tunnd, 


679 


In conclusion, the authors wish to express their gratitude to Dr. N. V, 
Sidgwick for his helpful advices and criticism, and to the Department of 
Scientific and Industrial Researesh for grants which have enabled them to 
conduct this research. 

Summary, 

(1) The principles of the methods of determining angles between covalencies 
from measurements of electric dipole moment have been explained, and the 
various methods have been classified. 

(2) Some extensions of these methods to mortj complicated molecules have 
been described and one has Ix^en applied, using existing data for the di-phenyl 
stdphoxides. 

(3) The causes and importance of possible (‘rrors have been discussed, and 
a method of minimizing their effect has been described, 

(4) A brief survey has been given of the appli(iations of these methods which 
have been made up to the present. 


The Aerofoil in a Wind Tunnel of Elliptic Section, 

By L. Rosenhkai), Ph.D., Fellow of St. John’s College, Cambridge. 
(Communicated by H, Glauort, F.R.8. — ^Received December 12, 1932.) 

1. Introdvction, 

The lift and drag experienced by an aerofoil in a wind tunnel differ from 
the lift and drag <ixperienced by the same aerofoil under free air conditions. 
These differences, which are the induced effects due to the walls of the enclosure, 
can be determined by the aid of general considerations laid down by PrandtL* 
In a closed tunnel, that is, a tunnel with rigid walls, the ncjcessary boundary 
condition is that the velocity normal to the walls shall be zero. In an open 
tunnel, or free jet, the condition is that the pressiire is constant over the 
boundaiy. Assiuning that trailing vortices spring from the aerofoil and extend 
downstream without distortion, Prandtl has shown that the problem can be 
converted into one dealing with the flow in a section of the wake far behind the 
aerofoil, the necessary boundary condition being that the velocity potential is 

* Naehr. Ges. Wiss. Gettings, ' p. 107 (1019), 


2 Q 
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constant over the trace of the open tunnel. Prandtl (ioc, ciL) himself has 
investigated th<i interferentje exp^jrienoed by an aerofoil in a tunnel of circular 
section for an elliptic distribution of lift across the span. Glauert,* to whom 
a considerable extension of the theory is due, foimd approximate values of the 
induced drag in a rectangular tunnel when the span of the aerofoil is indefinitely 
small. Terazawaf modified Glauert’s method and obtained the exact solution 
for an aerofoil with uniform distribution of circulation in a rectangular channel. 
RosenheadJ obtained exact results for uniform and elliptic distributions both 
in (sircular and re(;tangular tunnels. 

More recently, in connection with the building of a wind tunnel of elliptic 
section, Glauert was led to reconsider the general problem of wind tunnel 
interference, and his conclusions are embodied in three valuable papers. In 
the first of thc8e§ he pointed out that the problem discussed by previous 
investigators is that in which the lift distribution is prescribed to be the same 
as that in free air, and the aerofoil is twisted in the tunnel to a position in 
which this distribution is maintained. In general, if the aerofoil is not twisted 
in this way, there is a change in the distribution of circulation. If this change 
is taken into account, Glauert has shown for a tunnel of circular section that 
the formulae derived from the assumption of elliptic distribution of lift are 
sufficiently accurate for all conventional shapes of aerofoil, but that those 
derived from the assumption of a uniform distribution over-estimate the effect 
of incrt‘a8ing span of the aerofoil.** 

He has also shown that, with elliptic distribution of lift, if and 8 are defined 
by the equationsU : — 



the necessary corrections Aa, i\kjy to be added to the angle of incidence and to 
the drag coefficient, are given by the equations 

Aa = ^ = 8® ity 

• Glauert, “ Aerofoil and AitBcrcw Theory,” p. (1930), or ‘ Aero. Res. Ctte. Rep. and 
Mem.,’ No. 867 (1928). 

t Teraaawa, ‘ Bop. Aer. Res. Inst. Tokyo Imp. Uxii\'.,’ vol. 4, p. 69 (1928). 

{ Bosenhead, ‘ PJoo. Boy. Soo.,’ A, vol. 129, p. 136 (1930). 

§ Glauert, ‘ Aero. Bes. Ctte. Bep. and Mem.,’ No. 1463 (1931). 

II See list of symbols on p. 603. 
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In his second paper,* Glauert reduced Eosimhead’s results for the elliptic 
distribution in the rectangular tunnel to forms suitable for computation and 
applied the results to the square and Duplex wind tunnels. And in the third 
psperf he obtained some general theorems on wind txumel interference. He 
proved that : — 

(1) The interference on a very small aerofoil in an open tunnel of any shax>e 

is of the same magnitude, but opposite in sign, as that on the same aero- 
foil, rotated through a right angle in a closed tunnel of the same shape. 

(2) The interference velocity is uniform across the span of an aerofoil in any 

elliptic tunnel having the tips of aerofoil as foci. 


Tlie first theorem is 8tri(‘tly true only for very small aerofoils, but will be 
approximat(;ly true for aerofoils of moderate size, and is true for any size of 
aerofoil in a circjular tunnel. As a verifitiation of the theorem, the magnitude 
of the correction for a small aerofoil in an elliptic tunnel has been calculated. 

During the course of some correspondence, Mr. Glauert suggested that as his 
analysis only dealt with the cases -> 0 and .s' === V a* — it would be very 
useful if intermediate values could be obtained. This necessitated an exact 
solution of the problem which is embodied in the following paper. In view of 
Mr. Glauert 's conclusions, the analysis is restricted to the case of elliptic 
distribution of lift, and all his results for the elliptic tunnel emerge as particular 
cases of the general solution. In particular, theorem (1) is verified and the 
divergence from it with increasing span is noted. Further, theorem (2) is 
verified ; the interference velocity is constant across the span of an aerofoil 
in any elliptic tunnel (closed or open) having the tips of the aerofoil as foci — 
the respective values being 


h sv , 
2 (« + 6 ) 0 ^ 


and 


g ^ 
2(a + b) C 


which are identical with the results obtained by the original investigator. I 
should like to place on record my indebtedness to Mr. Glauert for many helpful 
suggestions dealing with the following investigations. 


2. To Summarize. 

The complex potentials which have their real or imaginary parts constant 
over the boundary of an ellipse and also possess logarithmic singularity 


* ‘ Asto. Re«v Otte. Rep. and Mem.,* No. 1459 (1932). 
t Glauert, * Aero. Rea, Gfcte. Rep. and Mem.,* No, 1470 (1932). 

2 g 2 
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at an arbitrary internal point are obtained by the use of doubly periodic 
functions. 

The results are extend<^d to obtain the corrections to the lift and angle of 
incidence induced on an aerofoil either by the rigid walls of an elliptic tunnel 
or by an open jet of elliptic section, when there is an elliptic distribution of lift 
over the aerofoil. The results are embodied in various graphs and tables. 

If the aerofoil litjs symmetrically along the major axis, the correction factor 
decreases as the aerofoil becomes larger, and tnce versa if it lies along the minor 
axis. 

In agreemmt with Glauert, the interference or induced velocity over an 
aerofoil whose span is equal to the focal distance is found to be constant when 
there is an elliptic distribution of emulation. Further, Glauert’s theorem on 
wind tunnel interference on small aerofoils is verifi(?d in the particular cases 
discussed, and the variations from it increasing span are noted. 



(a) (o) {D 

Fio. 1. — (o) Correction factor Sj (closed tiumel) ; ( 6 ) correction factor Sg (closed tunnel) ; 
(c) correction factor S 3 (open tunnel) ; (d) correction factor (open tunnel). 


The corrections ant given by the formulae : 




where the values of 8 corresponding to the four cases shown in fig. 1 (see also 
list of symbols on p. 603) are 


8,= 

2* s G * 

8,= 

0* 



8,= 
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where the summations are over all odd integral positive values of r. Also, 
when a/c is very small 


S3 — 




Further, when $jc = 1, 

8,- 


2 (a + h) 


and 8, 


a 

2 (a + b) ’ 


3. The Poieniial Function for a Redilinmr Vortex Inside an Ellipse, 


The starting point of th('. present investigation is the complex potential 
corresponding to a rectilinear vortex inside an ellipse.* The fluid is incom- 
pressible, and the motion outside the vortex is irrotational. The vort,ex is of 

strength k and is situated inside the ellipse I 2 ^ arbitrary point 

h = + t^i)- 

If the vortex is in the fluid outside the eylinder, the appropriate complex 
potential for the external motion is 


where if 
and 


then 


log (z + Vz‘-c^)-(z, + Vz,^-c») 
27 : {z-VV — c^) — {z^ + — c*) 


= aj cos y]i + t6i sin rji, 
= a j cos sin tq j, 





h ^ (g ^ b) {a, + b,) 

® <1 -f- 6 


( 1 ) 


( 2 ) 


* The oomplex potential function was obtained as a result of some very helpful suggestioiui 
made by Mr. D. E. littlewood of University (Allege, Swansea. When, however, a pre- 
linunazy paper was submitted embodying the results of this section, it was pointed out 
by a referee that the problem of the vortex inside an ellipse had already been solved 
(Coates, * Quart. J. Pure Appl. Maths.,* vol. 15, p. 356, and vol. 16, p. 61 (1876-76). The 
solution obtained by Coates is substantially the same as that given above, but the present 
treatment is more direct, and considerably simpler, than the original one. 
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These expressions assume very simple forms if we put o — c cosh 
h = c sinh 5o* The complex potential function used in (1 ) of this section may 
be expressed as 


IK , Z 

rr l<>g “■ 
2n z 


+ F(^), 


where F (z) is a function of s regular in the domain outside the ellipse, except 
at infinity, the introduction of this function being necessary in order to make 
one of the stream lines of the system coincide with the trace of the ellipse. 

From (I), it is easy to see that the only points at which the velocity com- 
ponents, given by 


become infinite are z + Cj — neglecting, of course, the expected 

infinity at Since these three points are all in the interior of the ellipse, we 
can apply equation (1) to the fluid outside the elliptic cylinder. 

If now the point is inside the ellipse, and we wish to investigate the motion 
in the internal fluid, we cannot use the above (equation. As noted before, this 
complex-potential function produces infinite velocities at 2 == — • c, 

and although it is true that here the point lies outside the ellipse, it is equally 
true that the points ± c now lie within the fluid whose motion we are to 
investigate, and as it is unlikely from physical principles that an isolated 
vortex of arbitrary strength at an arbitrary point would produce infinitely 
large velocities at the foci of the ellipse, we cannot use equation (3.1). Apart 
from this, there will be a discontinuity in the potential function across the cut 
in the Riemann surface joining the two points ± c. We must, therefore, 
search for some other function — one which possesses the following properties : — 

(1) It must make the ellipse a streamline of the system. 

(2) In the neighbourhood of the point it must be of the form 


^ (« — H) + regular function of z. 

27r 


(3) There must bo no singularities within the ellipse at points other than 
z a 

Let us introduce the auxiliary transformation 

i; = ^ 4 - lY) = cosh"* - (3) 

c 
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giving 

X — C cosh 5 cos 7), 
y = c sinh 5 sin i]. 

To every value of z there correspond two values of ^ 

^ H J (2 ± V:® - C*) 

= + trj and (27tt — 5 — irj. 

Hence, the whole of the z plane is represented twice over in the ^ plane in the 
infinite strip 27r > ^ 0, or rather, the whole Riemann surface is represented 

once. One sheet of the Biemann surface is represented by the semi-infinite 
strip ^ > 0, and the other by the serni-infinitc strip ^ < 0. The line ^ = 0 
represents the line joining the foci of the ellipse taken twit^e over. The Riemann 
surface has two winding points at the foci of the ellipse, 2; ^ c. The two 

sheets connect across the cut joining the two winding points. The rfigion of 
the Riemann surface contained between the ellipse' ^ — p (say) and the corre- 
sponding ellipse in th(* other sheet ctuTesponds to the space between the lines 

If the potential fimction is the same for any given value of z for both sheets of 
the Reimann surface, then the function will be continuous across the cut and, 
therefon^, regular in the plane. If we arrange that the boundary conditions 
and the singularities are the same on both sheets of the Riemann surface, then 
from considerations of symmetry, the potential function will be the same in 
both sheets. Hence, we must find the stream function on the Rkimann surface 
due to irrotational flow with the two lines ^ ± stream lines and at the 

two points corresponding to z^Zi (i.e., and == 27ri — two equal 

vortices of stremgth k. 

Since 73 may be increased by any integral multiple of 27c, the strip between 0 
and 27ri may be repeated indefinitely, and the problem in the plane is — ^to 
find the complex potential function which makes the infinite lines ^ = dr 5o 
stream lines of the system and which has vortices of strength k at the points 

d" irii + t2m7r) and (— — t>7i -f t2m7r) 

where m assumes all integral values from —00 to -f 00 including zero. By the 

introduction of image vortices, we see that we need a function — ^ log / 

27C 

where /{!!) has simple zeros at the points, 

(5i + 1 %) + ^^0 + t2n7t, — (^1 + i>5i) + 4»n5o + t2wn 
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and simple poles at the points 

“ (^1 “ + 2) (^1 — tTji) 4- (4^wi + 2) ?o + t2n7r, 

where m and n asauni<* all integral values from — oo to +oo ^ including zero 
If now we put co we find that the required complex function is 

= — — loff ^t) 

2tc ^ fi'2 ^l) *^2 + ^j) * 

1 


w 


(4) 


when? 


<0 = -j- (^ + lY)) = ~ log 1 (S 4- Vz* — C*), 
== JF (^1 + 


Wj 


45o 


(5l - 


5o - i log 


/ u 4" ^ 


6/’ 


and whert^ the periods of the functions are 1 and t (2Tr/4^j,). Explicitly in 
terms of z, this expression is 


w 


IK , 
2;'‘* 


1 

-45() 


2 4 Vs* _ c* 1 ,, I 1 , s + \/z* — c* 1 


1 . 2 4a/z* 


log — , 

■45o ■ s, 4 V zi* 






1 , z 4 Vz* 

.c'°*w 


£zi£_l 

'z,*-c*J 


( 6 ) 


= -|logH(z). 


The Ml function haa positive vortices at the points 
z = c cosh [4m5o 4 5i + 


t.e., 


z = Zj cosh 4m5o + Vzj* — c* sinh 4»»5o, 

and nt^gative vortices at the points 

z = c cosh [(4w( 4 2) 5o — 4 

i.e., 


( 6 ) 


z == Si cosh (4m 4 2)5„ 4 Vzi*— c* sinh (4m 4- 2) (7) 

and in the neighbourhood of these positive and negative vortices, the function 
tends to the forms 

4|^ log(z-zJ 

respectively. Inside the ellipse the only singularity is at the point Zj. 
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On the ellipse |H ( 2 )| ~ 1, so that the ellipse is a stream-line of the system. 
The velocity components arci given by the equation 


u — tv ™ 


dw 

dz 


=3 


(2ci) dw 
dz d<xi 


UC 1 (to — Oj) , (Ct) + Oj) 

Stt^oC sinh L -S>j (o) — Oi) (to + co^) 


^2 (to ■“ COj) 'B '2 (to -f- COj) . 


PC 1 r 2 tc sin 27rco 

Sn^ffi sinh 4^0^ Lcos 2 tc<Ojl 


+ Btt S 

r « I 


1 .. 


sin 2TC'rco cos 27rr(Oi 


2v: sin 27rco 
cos 27rtO| + cos 27rto 


® / Y a _ ■ 

— Stt 2 ^ sin 27c/‘(o cos 27rr(Oi , 

f - 1 1 ?i J 


(8) 


where 

This form shows that the velocity is finite at all points within the ellipse — 
except possibly at the foci. A closer examination shows that even at these 
points the velocity is finite. The foci ±c arc represented by the points 

=r 0, s = t “ = and at these points the expression m ™ tv tends to finite 

45o 2 

limits. Further, the line joining the foci is not a stream line of the system, 
and the velocity is continuous across it. 

By some manipulation it can be shown that the fumition given by (5) reduces 
to the usual formula for the circle as we make a -> 6. This may be considered 
as a check on the work. We have that 




271 „ 


yi 


-► l, g = -*0. 


1 . * + V** — c® 

ifo 


^0 


log 


-h Vs^ — c®) (®i + 'v/*!* — c*) 



JLiok t±l 
® (a + 6)® o — 6 



izzi 

(a + fc)* 




Also 
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Hence 


w 


2 tc 


log 



r 1 1 z' 

If r 

4^0 h 




1 , z 1 
H- 




and by transforming the ^ functions to those of periods (1, — 1/t), where 
fy 0, we obtain 


IK , 




271 


- log - 








I 1 z 
— log — 
27t Zy 


jx I Binh (I log z/zj) 
27 r sinh (| log zzja*) 


<»> 


where we have neglected the purely additive constants. This is the usual 
formula. 

For purposes of convenience, we shall transform the functions to those 
whose periods are (1, — 1/t), that is (1, i4^o/27r) and the complex potential 
function is therefore 


w 


where 


= log — ^i) % 

27 : * (< - ?i) (< + <i) 


( 10 ) 


/; = 6j/t = — ^ log ^ (z + Vs* — <^), 

<1 = - ^ log ■ ih + Vz!® — c*), 

li = conjugate of ti, 

q =. = e~*** = exp( — log ^ — ~ — 


-b 
+ b' 


( 11 ) 


In the following sections of this paper, we shall use the symbols given by 
equations (10) and (11). 

4 . Aerofoil under EUiptio Loading in a Tunnel with Rigid WaUe. 

(a) The Aerofoil along the Major Axis , — ^Let us first consider the case of the 
aerofoil lying symmetrically along the major axis of the ellipse. In general, 
there is a circulation rotmd the aerofoil, and we propose to discuss the eUiptio 

distribution of circulation, that is, the one given by the law k = k^\/ 1 ~ 3, 
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where 28 is the span of the aerofoil. This is equivalent to a system of semi- 
infinite trailing vortices springing from each point of the trailing edge, the 

dK 

strength of the vortex starting from the point being — — dx^. Under free 

dXi 

air conditions the total lift L is given by the formula 
L-iiaSpV^ 

= f pViC dx = TCKypV5/2, (1) 

J — * 

where S is the area of th<5 aerofoil, V its velocity, and p the density of the 
surroimding medium. The downward velocity at a point ooj of the aerofoil 
is given by the principal value of the integral 

= ( 2 ) 

}o4^ dx \x — x^ X 4' 4.S* 71 A 

where A is the aspect ratio of the aerofoil, so that the induced velocity is 
constant along the aerofoil. The drag is therefore vL/V, The effect of the 

trailing vortex system is to reduce the lift at a givem angle of incidence and to 

introduce a drag. When the aerofoil is inside the elliptic tunnel, the walls of 
the enclosure also induce an effect, so that measurements in the wind tunnel 
differ from those obtained in free air. We propose to determine these 
differences. 

The complex function due to a semi-infinite vortex of strength k at the point 
«i, is 

— — loff ^i) ^i) 

47c ^ + 

and that due to a vortex — k at the point — is 

^ ]Qg 

471 

Hence the function due to the vortex pair is 


loc h) + h) ^8 "" h) + ^i) 

47r ^2 4" h) ^4 ^4 (^ + ^j) 


The velocity distribution due to this system is 
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where 

F = -I + 

h(t- «l) »2(<"‘l) »«{« + <l) 

, I ^U(f ~-h) Kit + h) 

h) it + li) (t - h) it + h) 

— TT [cot 7v{l — tj) + cot 7^ (< + ti) + tan tt (^ — -f tan k -f Z^)] 

Qr 

“ f- IGti S — i — -- flin 2mt cos ^rrdi 

odd 1 — 

^ a*" • 

— IBtt S — i — sin 2nrZ cos 2r7rZ., 

cxUl 1 — (f'' 

whenj the summation is over all odd positive integral values of r. The con- 
tribution to the velocity due to the first part of F is 

— ^ ^ 7t [cot TT (Z — L) + cot TT (Z “f Zj) + tan tc (Z — Z^) + tan tt (Z + Zt)] 

*TC dz 


1 -5 .,U 

2 

^ 2 

\27rc sin 27rZ ^ 

.sin 27 c (Z — Zi) 

’ .sin 27t (« 4- <i) 


_ _ 2c cos 27rZi ^ 2z^ 

47C COS'^ 27cZ ■— COS^ 27cZi 47t s* — 

471 \z ~ Si S 4“ Si' 

which is the velocity due to the vortex pair. Hence the interference velocity 
due to the walls is 


— ^ ~ 1671 j^S I — (gr*’' cos 2r7r<i — q* cos 2f7^i) sin 2r7tt^ . 

Two cases of importance present themselves (1) when the vortex pair lies along 
the major axis (fig. 1, a), and (2) when it lies along the minor axis (fig. 1, b). 
In the general case, when 


then 

and 


*1 = c cosh cos vji 4- w sinh sin ili. 

27 i:<i = vji — 1 ^ 1 , 

2tc«i = 7)1 4- ‘5l- 


The interference velocity is therefore 


^ 2 8in2r7Tt 
Ttc odd sin 27tt 



sin nr)i sinh 4- 


1 + f 


cos nji cosh r^i 
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We shall first investigate the case where the vortex pair is along the major 
axis — ie., When <ic then and when > c, tQj ™ 0, 

so that when ™ Xi, the interference velocity may be written as 


i — It ^ 

7tC 1 + ?' 


, sm 2 m^ 

■ 2 — cos 2r7zL . 

*■ sm27r^ 


( 6 ) 


dK 

In order to apply this result to the case of the aerofoil, we put — 7 — d®, 

da>i 

where previously we had k, and then we integrate the result between the 
limits 0 and s. Thus the effect of the walls is to induce a velotjity 


- [p-dx, S 


f ^ 

1 f <f 


COS 


sin 2nr< 
sin 2?!^ 


( 6 ) 


Thu part within the sign of integration is always real when t or are purely 
real or purely imaginary quantities, and hence, on the major axis dto/dz is 
purely imaginary. In this line, therefore, 


wherfi 


V — 


1 r fLdx^^ 

7ccJ„a®i 1 + ?** 


cos 2nr^i 


sin_ 2 m^ 
sin 2nt 


2.S' 1 + * sin 27zt 


Fj, = — A. f - cos 2 m<i ^ dx^ 
^qTc Jo dx^ 


(7) 


If use be made of equation ( 1 ), equation (7) can bo put into the form 


£ - s 7*^ jr sip 2nt< 
V Tts* 1 + g' sin ‘2nt ' 


(7a) 


Since r is odd, however, and since cos 27r< = x/c, we have, 


8m2f7rt 
sin 2Ttt 


+ -C.lfJ'' ... + (-)■'-’] 

\ 0 / 


( 8 ) 


The effect of the upward induced velocity v is to incline the lift force forward 
by an angle v/V, and this angle, Aa, must be added to the angle of attack as 
measured in the wind tunnel in order to obtain the free-air value of the angle. 
Hence, defining v) by means of the following equation 

Aa = 1 1 Al, 
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where 0 ( = nob) is the cross-sectional area of the wind tunnel, we have 
r, = S (-)i F, 1 + (??)“ 

.S‘“ 1 -f- J - \ C / 

-}- »(r+8)C, (^)* ... + (__)4(r-l) (?fy~n . 

This value of y] varies across the span of the aerofoil and determines the twist 
which must be given to the aerofoil to maintain elliptic distribution of lift. 
Glauert has shown, however, that the mean oflEective value of the correction 
to the angle of incidence is given by the equation 




where 8 is defined below by considering the induced drag. 

As a consequence of the change in the direction of lift, the drag D is decreased 
by amount 

FJf-' 

or, the drag coefficient is decreased by amount Aijy where 




^ r ® a/ 

sv»J-, V 


1 -^dx. 

*• 


If now we define S by the equation 




we have 


where 


s = fg 

8* 1 -I- s’- ' ' 

Jr=--r 

V 8m27rt 
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J, = 2[ 


\t — 1 g I f - 3 / g ,<■- 3 

} 

/ovr-5 1 

J LU== (£ _L (^)^ir-l)l 


We note, however, that 


f C09 2rKtx — dx^ 

K^TZ C .L. , dx^ 


=r= ^ ~ C 08 2nr/^ (#c) 4* f 2r#f7c ^ sin 2nr<j (ixi | 

KoTC e J rfaJi 

Since K — /Cq( i — ~ ) , we see that j^#c cos 2nr<i J = 0 and hence 

2nr f k sin 2nr^j^ 

K^Ti c J aa?| 


2 r#aT ^ sin 2nr<j (ix^ | 

dx^ J^, 


But = — 1 /2tcc sin 27 c^i, and so 


F, = -!rif' Ko r^jsm^nOidxi 

KgcJ-, y «* ' 2 TO 8 m 27 rti/ 


, a:* sin 2nc/i , 

s* 8 in 27 t«i 


by equation (12). Hence, defining 8i, as the value of 8 when the aerofoil is 
along the major axis, we have 

(6) TAe CirouJar Tunnel (a -> h ). — ^When a-*b,we find o -*• 0 and 


1+2’' (o -f 6)*^ + <)*•• W ’ 


G ,->2 


(f + l)(U(r-l))*\c 
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Hence 


■S ' 


\r+l 




2r-“2 


>+l©‘+liS/+i©’- 


5 , 35 / x«\® 


and 




+ ») diJLii))* 


^ \ 2^" “ 2 


' 2a 


3 H* 


5 s« 


1 


175 *1“ 


10 o* 64 o« 4096 fli*"' 


( 1 ) 


( 2 ) 


These results have been obtained pniviously from a direct examination of the 
ease of the circular ttmnel.* 

In the case of the almost circular tunnel when o = 5 (1 A), A being a 

quantity of the first order, we get as an approximation 


8i 


- - + Sr 


1 


j+(i 


-A 


A 

a* + .9* 


l(r + 1) (l l(r-l) )^ 




1 , _3 ^ , _6_s^ , 

2 #U ‘i56 n» ' 


(r + l)A^ 
175 «** 


^ , 9 .9* I . 

4 ' 256 <i» 16,384 


64 a« ' 266 a« ' 16,384 

26 .9« , 1,226 


_ ] 


1)a] 


(o) Span equal to the Focal DisUince {2$ = 2c). — When « = c there is con- 
siderable simplification and we find, by putting 27zt — A, that 


Hence 


4 f" 

G, — — sin X sin rX dX 
Jq 

rO if r is odd and greater than 1, 
”” tiif r=:l. 

“ ?lT? “ ^ la 2(a + A)' 


( 1 ) 


This means that the interference velocity is constant along the span, and this 
represents the ideal case for experimental work. Also 


8 —— g A 

^ c*l + g 2(o + 6)* 


( 2 ) 


* See Boee&head, ‘ Proc. Boy. Soo.,’ A, vtd. 129, p. 140 (1930), equation (8). 
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{d) Small Aerofoils (sjc very small ). — ^When s/c is very small 




80 that as a first approximation 

If we put a == c cosh 0, 6 = c sinh 0, S assumes the form obtained by Glauert^ 


S, = einh 6 cosh 6 S — . 

ortd 1 + 

A second approximation to Sj is 


where 


!+?’■’ 


Pi == 1 2 : i (r -f 1 ) r (r - 1 ) 
Cr 4 


f 

1+f 


(e) Aerofoil along the Minor Axis . — Reverting to equation (4.4) which gives 
the interference velocity due to a vortex pair in the general case, we see that 
when lies on the minor axis, 7)i = tz/2. We note also that cos rTjj = 0 and 
sin when r is odd, so that the interference velocity is 

_ 2^ T V .p »>”- 2y7c< 


— “''S 

rc 


I 81 


sin 2Kt 


since here 


2k . V Q o * 2nr< 

_ I i, ^ (JOS 2nr«i . , 

Tcc 1 — S 2nt 

2Tciy = TT — 2kL 


Extending this result to the case of the aerofoil, the interference Vidocity at 
right angles to the oncoming stream of air is — w where 


— — dvi S r-i — cos 2rrtL ^ 
miodyx ^ 1 — q^ 81 


sin2f7t^ 

8in27rt 


2 d 1 - sin 2 itt ’ 


• Glauert, * Aero. Res. Cite. Rep, and Mem./ No. 1470, p. 7, equation (12)^ 


TOL. COOU— A, 
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where 


/, = --[ OO.S 2imlip-dy^. 
Tt/f Q c J (, dy^ 


The change in the drag coefficient is Aifeo where 


Afcn = [ m\/ 1 — ®-dv> 

SV*J_. ^ s* ^ 




and where 




the quantity being defined by the equation 


2 f« /, w*fiina 


We note, however, that 


i» ^ c r tfi i dtc j 

/ --= — « cos 2 r 7 zL — dut 

:=r AL i fcos 2nr^i {k) -f f 2ntK0^ sin 2rTc^ A/ 1 — 

TC#Co 0 L J #X V • 

Along onr line of integration lyjc = cos 2ntit so that 

c^TCA'J.., V yin 27tti 


a* 


Hence 


where 






iLli 




(r + 1) (lliLzl))* ^ ® ' (*■ - 


(r-3)(| |(r-5) )Ac,/ - 


When s/c is very small, then 


«f + Pj («/c)*r 
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where 


«8 


c* 1 -g"’ 
ab . 


c 


1 ); 


_£l 


q' 


(9) 


Finally, in the case of the almost circular tunnel, when o = 6 (1 + A), wb 
get 




Ir-l 


lir -f 1) (| | (r-l)) » 


' l,2o 1 


l+(r+l)h't 


i)a}. 


(lo: 


5. Aerofoil under Elliptic Loading in an Open Tunnel. 

Following the method laid down by Prandtl, we have now to search for a 
complex potential function whose real part is constant over the ellipse 
{x^/a^) + {y^jh^) — 1 and which has logarithmic singularities at the vortices 
inside the ellipse. 

Following the method indicated in Section 3, we see that if there is a vortex 
of strength k at the point and a vortex —k at the point — Zj, the appropriate 
complex potential function is w where 


— ]otr ^i) h) ^4 ^i) ^4 4* ^i) 

47T ^2 ^2 “f" ^i) '3'3 {t ij) O-g {t 4“ li) 


( 1 ) 


It can be shown, after some manipulation, that the value of the ellipse is 
purely imaginary, and varies from point to point. Hence the value of <f> on 
the ellipse is zero. The velocity distribution due to this vortex pair is 


in dz 

where 

^ 3(^ — ^i) \ ) 1 — ij,) , 4“ ^i) 

5=5 n [oot 7c (^ — if} 4“ cot 7t 4“ ^i) + tan tc (^ — fi) 4- tan tc (^ 4" <i)] 

Q%r 

4- I&7C S , sin 2f7r< cos 2nc<i 

o4tf 1 — 


4- 16jt S —2 — -rsin 2f7rf cos 2n^. 
odd 1 — • g •* 


2 A 2 


( 2 ) 
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In the general case, when 

cTj — c cosh cos 7}i + to sinh sin 
the interference velocity is 


5 ^ 2 / — i— ; sin nji sinh + i cos njj cosh . ( 3 ) 

TTC Sin 271^ \1 + ? 1 ^ 


When the vortex pair lies along the major axis, this can be written as 

2k V o ^ 2nr^ 

I — 2i — 3 — cos 2 mU — — 5 
7 X 1 — y'' ^ sm 27 t/ 


and when along the minor axis 


2k ^ sin 2rTrf .. 

I _ 2 _^C08 amti -r-r— . (£ 

TO 1 + y sin 2Tr^ 

Hence when the aerofoil lies along the major axis the value of S is given by 

and when along the minor axis 


In the particular case of an aerofoil of span 2c lying along the major axis of 
the open ellipse, we see that 

® C® 1 — g 

_ ah a — b 

~ c* 26 

= -2FPi- '« 

In this case too the interference velocity is constant along the span and 
equal to 

a j SV 
2(a + 6) ^ C ’ 

which is a resiJt previously obtained by Glauert.. 


6 , Numericd Investigation, 

Comparing the values of Sg, 83 and 84, we notice that as a first approxi- 
mation G/ =r= =: ], and 

81 = a^, S3 = 013, S3 = aj, 84 = ai, 



where 
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This detailed investigation demonstrates, in a particular case, the validity of 
a general theorem recently proved by Glauert, namely, that “ The interference 
on a very small aerofoil in an open tunnel of any shape is of the same magnitude, 
but opposite in sign, as that on the same aerofoil, rotated through a right angle, 
in a closed tunnel of the same shape/’ A second approximation shows that 

§2 = *a + (c^ ’ 

5 3 — ~ *2 + Pa ’ 

54 = - «i - Pi (^)*, 

where Oj and a2 are as above, but and P2 ate given by 
p.= ^S-|(r + I)r(,-l)j^. 

The range in which results are required for practical purposes is a/6 ^ 8, 
while the span 2« may have any value up to the greater of 2o or three-quartera 
of the width in the direction of the span. In this section results are given for 
values of s/o ranging from 0 to 1, but larger values of s/o will be required when 
a/6 <C 1 ‘ 612 . The corrections for large values of «/o are not tabulated here, 
but they can be obtained directly from the first few terms of the various series 
involved. In order to avoid a considerable amount of additional calculation 
8 has been tabulated against the ratio [span/focal distance] instead of against 
the xnore natural parameter [span/width], but in any particular case ajo can 
be obtained by a trifling calculation from the values of aja and a/6. 

In the formuUe for 8^ and 83, the nuurimmn value of ajo is a/o, while in 83 and 
84 the maximum value of ajc is 6/0. If s < a it can be verified without muoh 
difficulty that all the series are convergent. 
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First, it was necessary to obtain the values of G, and ji,, and below are given 
the series which were required for numerical purposes. Putting «/o = x, 
we have 

Qi = 1 , 

Gs=a^-l, 

Gj =2x‘-3x* + l, 

G, = 5ic« - lOa^ 4- — 1, 

G, = 14x« - S5a^ 4 - 30x^ - lOx* 4- 1, 

Gii = 42x“ - 126sc» 4- 140a^ - 70a4 4* 15x® - 1, 

G„ = 132x1* _ 462a;w 4- 630x» - 420a!* 4- 140x* - 21x» 4- 1, 

G „5 = 429xi« _ I7i6a;ia 4 - 2772xM — 2310a!* 4- 1060a:* - 262a:* 4- 28a? - 1. 

The series for was obtained by putting positive signs before all the com- 
ponent terms of G,, and multiplying the resulting expression by ( — thus 

= (--)o 1, = (_)i (a? 4- 1), 

39 — (—)* (2x* 4- 3 x* 4-1). etc. 

The values of G, and g^ for various values of s/c are given in Table I. 

By means of Table I, it is possible to calculate Sj, 83 and 84. 8j and 83 
refer to an elliptic tunnel with rigid walls and have therefore been combined 
in Table II. 8^ is the value of the interference factor when the aerofoil is 
along the horizontal diameter of an oblate circle, whereas 83 refers to the corre- 
sponding case in a prolate circle. Hence 8, and 83 have been tabulated agaiiut 


Table I. — 1st Section. 


f. 

' 

#/c IK 0-0. 


«/c *« 

0-1 


0 ,. 

Or*. 

9r^ 

fff*. 

Of. 

Or*. 

2f* 

Pf*- 

1 


m 

■■ 

m 

1-0000 

1-0000 

1-0000 

1-0000 

3 


■1 



-O'Oeoo 

0*9216 

-1*0400 


5 


■1 



0*8832 

0-7800 

M232 

1-2616 

7 


1 

^1 


-0*7757 

0-6017 

-1-2568 

1-5788 

9 


1 

1 


06456 

0-4171 

1-4502 

2-1081 

U 

-1 

mm 



-0*5081 

0-2581 

-1*7210 

2-9618 

13 

1 

■9 

1 

^BB 

0-3587 

0*1287 

2-0925 

4-8786 

2^ 

-1 

1 


1 

-0-2210 

0-0491 

-2-5946 

6-7S19 
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r . 

jj/c *«0'4. 

$/c =» 0*6. 

Or. 

Gr*. 

1 

.A 

G,. 

GA 

Pf* 

9A 

1 

1 0000 

1*0000 1 

1*0000 

1*0000 

1*0000 

1*0000 

1*0000 

1*0000 

3 i 

-0*84001 

0*7066 ! 

- 1*1600 

1*3456 i 

-0*6400 

0-4096 

- 1*3600 

1*8496 

6 

0*6712 

0*3263 

1*6312 

2*3446 : 

0*1792 

0*0321 

2*3392 

5-4719 

7 

-0-2765 

0*0766 

- 2*2366 

6*0010 : 

0-0 ft 73 

0*0096 

- 4*6893 

21*990 

9 

0*0338! 

0*0011 

3*6206 

12*3940 

-0*1099 

0*0121 

10*3661 

107-249 

11 

0*1032 

0*0107 

- 6*8624 

34*261 

-0*0026 

0*0000 

- 24*3741 

694-10 

13 

-0-1296 

0*0168 

10*1278 

102*672 

0*0636 

0*0040 

59*9620 

3,695-44 

15 

0*0788 

0*0062 

-18 0666 : 

326*398 1 

-0*0244 

0 0006 

-162*3630 

23,214-48 


Table I.— 3rd Section. 


r . 


«/c i 



s/c *« 1 *0. 

G ,. 

0,*. 

’ 9 f ‘ 

9 A 

G ,. 

Gr *. 

9 r * 

17 r ** 

1 

1-0000 

1 *0000 

1*0000 

1*0000 

1 

1 

1 

1 

3 

-0*3600 

0*1296 

- 1*6400 

2*6696 

0 

0 

- 2 

4 

5 

-0*1008 

0*0102 

3*7392 

13*9816 

0 

0 

6 

36 

7 

0*0647 

0*0030 

- 10*2467 

104*996 

0 

0 

- 22 

484 

9 

0*0619 

0*0038 

31*2117 

974*17 

0 

0 

90 

8,100 

11 

-0*0019 

0 0000 

- 101*6201 

10,326*6 

0 

0 

- 394 

155,236 

13 

-0*0349 

0*0012 

346*2526 

119,890*8 

0 

0 

1,806 

3,261,636 

16 

0*0093 

0*0001 

- 1,219*414 

1,486,970*6 

0 

0 

-8,668 

73,239.364 


X where X = [width of tunnel /height of tunnel]. 8, corresponds to that 
part of Table II given by X > 1, and Sg corresponds to X < 1. 


Table II. — Tunnel with Rigid Walls. S has been tabulated for different 
values of s/c and X, whore s/c = [span/focal distance] and X = [width of 
tunnel/height of tunnel]. corresponds to X > 1, and Sg to X <! 1. 


\ 

cl* \ 

\ 

liS, 

2:5. 

j 

1:2. 


1 

3:2. 

2:1. 

5:2. 

3 : 1. 

0*00 

O-ttSO 

0-626 

0-4266 

0-3311 

0-2600 

0*2306 

0*2641 

0*2925 

0-8366 

0-20 

0«88 

0*554 

0-4379 

0*3339 

0-2600 ! 

0-2279 

0*2445 

0*2716 

0-3001 

0-40 


0*718 

0*4854 

0*3442 

0-2500 

0-2208 

0*2217 1 

0*2261 

0*2833 

0-60 

— 



0-8678 

0*2500 

0-2 U 8 

0*1964 

0-1867 

0-1783 

0-80 



— * ] 

0-4272 

0*2500 

0*2087 

01761 

0-1667 

0-1418 

1-00 

1 

—** 

— 

-***■"* 

0*2600 

0-2000 

0*1667 

0*1428 

0*1260 
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For similar reasons Sj and S 4 have been combined into one table. 


Table Ill.—Jet of Elliptic Section. S has been tabulated for different values 
of sjc and X, where sjc — [span/focal distance] and X — [width of tunnel/ 
height of tunnel], S 3 corresponds to X > 1, and S 4 to X < 1. 


A 

Jl/C 

\ 

1:3. 

2:6. 

1:2. 

2:3. 

; 1 

■* . ' 

1:1. ' 3:2. ' 2:1. 

i ! 

' 1 

6:2. 

3:1. 

000 

-0 337 

-0*203 

-0*2541 

-0*2306 

-0 • 2600' -0 • 831 1 ! -0 • 4266 

-0-6266 

-0*6300 

0*20 

-0*388 

-0*319 

-0*26631 

-0*2336 

-0*2500: -0 * 3283! -0 • 4164 

-0-60S2 

-0*6860 

0*40 

— 

-0*477 

-0*3110; 

-0*2436 

-0 • 2600! -0 • 321 It -0 • 3923 

-0-4663 

-0*6097 

0*00 

- — 

! 

— 1 

1 

-0*2666 

-0 • 2500: -0*3119-0* 8653 

-0-4084 

-0*4430 

0*80 i 





-0*3264 

-0 • 2600' -0 • 3038 -0 * 3434 

-0-3783 

-0*3966 

1*00 

1 

... 1 


1 

— 

• 2600 -0 *30001 -0 • 3333 

1-0-3671 

-0*3760 


The results are given in diagrammatic form in figs. 2 and 3, 



From the diagrams it is clear that if X > 1, the absolute value of the correction 
factor decreases as the aerofoil becomes larger, whereas if X < 1 the reverse 
is the case. 

Owing to the fact that the results have been tabulated for different values of 
$lc, the results for the circle do not emerge from the diagrams, for whatever 
the length of the aerofoil in the circular txamel, we have sjc^ ^ . The cor- 
rections for the case of the circular tunnel are, however, given below. The 
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resulte are taken from a table given by Glauert* and are calculated from a 
formida which ia identical with the limiting form mentioned in Section 4 (2). 

Table IV gives the values of S for an aerofoil in a circular tunnel with rigid 
walls. If the sign of 8 is changed, we obtain the results for the circular jet. 


itja 

00 

0-2 

0-4 

0-6 

0*8 

5 

i 

0-260 

0-250 

0*261 

0*266 

0-273 



The following is a list of symbols occurring in the paper : — 

2^, S — span, area of the aerofoil. 

a, V = angle of incidence, velocity of aerofoil. 

A = aspect ratio (= span/chord), 
p — density of the medium. 

L, D lift, drag of the aerofoil. 

=: lift coeffici<ant, drag coefficient of the aerofoil (L/pSV®, D/pSV®). 
a, 6 = major and minor semi-diameters of the ellipse. 

C = area of tunnel section (— 7ta6). 

0 == (a» -- b^)K 
K = circulation. 

♦ * Aero. Bes. Ctte. Rep. and Mem.,’ No. 1463, p. 4. 
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A«, Ajfci) = corrections to angle of incidence and drag coefficients. 

S — numerical factor involved in the corrections, given by the equations 


S' — (a — b)l(a + b). 

jr — 1 


A" = ^-sSi,. 


\r-i <'-% |f — 3 / g y-a 

/ (r-l)( U(r-3)? W; 

/I Y-'‘ 1 


(>--3)( |i(f-3)) i‘ 




p,==(_)Hr- 


~ iLzl {± y- , '->C,lr ~3 , ^y- 

' c / (r-l)( li(r-3) )^ [ c J 




... + J 


Sj == value of 8 when the aerofoil is along the major axis of a closed 
tunnel. 

82 == value of 8 when the aerofoil is along the minor axis of a closed 
tunnel 

S3 = value of 8 when the aerofoil is along the major axis of an open 
tunnel 

84 = value of 8 when the aerofoil is along the minor axis of an open 
tunnel 

' c* ^ 1 + • 

ab^ rq^ 


^ = }|S(r + I),(,-l)j-L. 


P. = jf 2:(r + l)r(r-l)j^, 


The summations in the above series are taken over all odd positive integral 
values of r. 



60 d 


Investigations in the Infra-red Region of the Spectrum. Port VIII. — 
The Application of the Grating Spectrometer to Certain Bands in 
the Spectra of Triatomic Molecules (Sulphur Dioxide, and Carbon 
Disulphide), 

By C. R. Bailey and A. B. D. Cassie, The Sir William Ramaay Laboratories 
of Inorganic and Physical Chemistry, University College, London. 

(Communioated by P. G. Donnan, F.R.8. — Received December 14, 1932.) 

In Part VI* of the present series the spectroscopic similarity of the dioxides 
of sulphur and chlorine was demonstrated. The molecular structure of the 
two substances was left an open question, since the evidence then available 
gave contradictory results. The selection rules for the Raman spectrum 
demanded the obtuse-angled form, while, if complete resolution had been 
achieved in the infra-red bands, selection rules required the acute-angled 
modification. The present paper describes the reinvestigation of the bands 
in question using the grating spectrometer described in Part VII,t and the 
results show that both sulphur and chlorine dioxides are obtuse angled triangles 
with a vertical angle of approximately 120°. 

Experunental Results for Sidjdiur Dioxide. 

Bands E and F of SOj.J — The first of these bands at 4'01 p. was also investi- 
gated by Levin, Bronk, and Meyer with a grating of some 2880 lines per inch, 
and apparently consisted simply of a P and R branch doublet.§ Reference 
to Part VI will show that the structure of this band is critical, since the absence 
of a Q branch demands the acute-angled form ; on the other hand, its presence 
denotes that the effective electric doublet vibrates parallel to the axis of least 
inertia, and the only possible solution is provided by the large vertical angle. 
The results for both bands are shown in figs. 1 and 2 ; the former and curve 2 (a) 
were obtained with slit widths of 50 A., or 3*5 cm.~^ and curve 2 (b) with slits 
of 25 A., or rather less than 2 cm.~^. Hence the available resolution was 
greater than that of the previous workers, whose slit widths were 86 A. ; 

• ' 7x00. Roy. Soc.,’ A, vol. 137, p. 622 (1932). 
t ‘7x00. Roy. Soo.,’ A, vol. 188, p. 631 (1932). 
t Part II, ‘ Proo. Boy. Soc.,’ A, vol. 180, p. 144 (1930). 

I * J. Opt. Soo. Amor.,’ vol. 16, p. 267 (1927). 
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thus band F at 4-01 [x includes a well-defined Q branch, and band B at 4*87 [x 
solely P and K branches. The two observations are consistent, and the only 
jjossible solution, giving a vertical angle of 120°, is obtained when a valence 
force system is applied to the fundamental frequencies allotted as in Table I, 
which incorporates the present results and those previously obtained with the 
prism instniment. 




In Part II the centre of band F was given as 2499 cm.~^ being the minimum 
between the supposed P and R branches ; the present value of 2492 cm.“\ 
or 4-014 |i, is probably correct to withinO-001 (i. For band E, the difference 
between the original determination of 2305 cm.“*, and that given above, is 
too large to be accounted for by ordinary experimental error ; a disturbing 
fact is that an almost equal lack of agreement appears in the 4*6 p band for 
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OSg. It ia possible that this may be eatised by the fluorite prism, which con- 
tains a number of flaws, and the refractive index of the prism may not be that 
of another fluorite. This is to a certain extent confirmed by our observation 
in Part I* that the resolving power of the given prism is only one-half that 
(calculated. 

Table II summaries the most probable data for the two molecules, SOg 
and ClOg. 

Table I. 




Band centre. 


P ^ K 



Band. 

Origin. 



Maxima. 

Reparation 


1 litfercnct; 

1 

[•'o 


(calc.). 

Vq - 




B 


8 -OKI* 

1163 

/ 1160 \ 
\ 1138 / 

31 





— 


191 

524 

r 1377 ") 


— 

— 

C 


7-347 

1361 

< 1301 y 

30 

— 

— 








A 

Vi - Vj 

10-494 > 

000 

J oil \ 
1 002 / 

m 

628 

22 

1) 

V, -f Vj 

6-346 

1871 

1871 

— 

1865 

14 

£ 

tv. 

4-309 

2290 

/ 2276 \ 
\ 2303 / 

27 

2304 

14 





f 2610 1 




F 

Vl -f Vi j 

4-014 

2492 

-1 2492 y 

25 

2613 

21 


1 


1 2485 J 





Table 11. 



CIO,. 


X Ki* dynes per cm. 

cin.~*. 

i 

X 10* dynes per cm. 

a, ^ 1169, b, ^ ~7 
Oi 4 6 | 624 

1361 

c, ™ -«21, C 5 —14 

Ki.»96{S-0) 
K, »= 3-3(0 - 0) 

a, 960, b, ~ —4 

0 , '4- 6 , “ 527 
a, 4- ^8 ~ 1109 

c, X., -21 

K, ==.6-7(01-0) 
K, = 3-6 ( 0 - 0 ) 

/\ 

OSO »= 122* 

i> 

if 

0 

0 

i 

1 


The observed combination and over-tones are not sufficient to determine the 
anharmonio constants completely. An estimate of the heat of dissociation 
corresponding to the symmetrical vibration v, fig. 3, can be made from the 
e]q[»erimental value for 6]^, and is found to be of the order of 134 k. cal, ; it is, 

♦ ‘ Pmc. Boy. Soc.,’ A., vol. 130, p. 140 (1930). 
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interesting to see that this may reasonably correspond to dissociation according 
to the scheme (SOa) (8) + (Oj), since we have 

(80a)-[SU + (0,)^69k cal 
[Sir;. -= i(Sa) - 14 k* cal 

i(S,) = (8) 51 k. cal 


(SOa) = (8) + (i\) ~ 134 k. cal 



Fig. 3. 


The close proportionality we have already observed to exist between the 
heats of dissociation and the force constants corresponding to the bonds in 
simple allied molecules is maintained. For COg and SOg, the ratio of the 
heats of linking of the central atom to the external oxygen atom is 182/126 = 
1*44, and for the force constants is 14 • 2/9-6 = 1*45. One would expect 
a similar relationsliip to hold for the monoxides, particularly as the ratio of 
the heats of dissociation of the carbon-oxygen bonds in CO and COg (237/182 
1-31) is again the ratio of the force constants for these bonds in the two sub- 
stances (18*8/14-2 = 1*32). One* of us has pointed out that the value of 
the heat of dissociation of SO as determined by Henri from the band spectrum 
of this substance, namely, 148 k. cal.,t is greater than the heat of dissociation 
of the oxygen molecule, and is probably incorrect. At the same time it was 
shown that a relationship of an approximately linear nature existed between 
these lujats of dissociation and the position of the element in the periodic 
series, and that whether SO was regarded as the oxide of sulphur or the sulphide 
of oxygen by interpolation on the curves' the value should lie in the neighbour- 
hood of 100 k. cal The calculated value from the heat of the SO link in SOg 
and from the force constants for the mon- and di-oxides is 126 X 7 -8/9 -6 = 
102 k. cal, and hence Henri’s result represents dissociation into normal sulphur 
and excited oxygen atoms. We have accordingly 

SO == 8 (»P) + 0 (ID) ^ 148 k. cal 
0(iD)-0(ap) -f 45 k. cal 

SO == 8 (»P) + O {»P) - 103 k, cal. 

♦ ‘ Nature; vol. 130, p, 239 ( 1932). 
t ‘ J. Phys. Had.; vol* 10, p* 81 (1929), 
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Tim three methods of arriviog at the heat of dissociation of sulphur monoxidd 
into normal atoms give concordant results. 

The Structure of the SOg Molecule. 

A rigorous application of the octet rule to sulphur dioxide would indicate 
that the two oxygen atoms were differently bound to the central sulphur atom 
by four and two electron links respectively. Although this assumption gives 
the correct interatomic angle, it seems to us from first principles imtenable ; 
the values of the force constants indicate equivalence of binding, and further- 
more, if the molecule were unsymmetrical, the contours of the various bands 
would follow no definite scheme such as the inter-consistent appearance of P, 
Q, and R branches. Himd^s suggestion* of the presence of localized bonds 
accompanied by supeTim|X)sed non-localized bonds, the former obtained from 
two p electrons providing directed valencies at 120^, seems more reasonable. 

The interatomic dimensions <*an only be determined approximately from the 
data available ; by analogy with carbon dioxide we are justified in asvsuming 
that the addition of another oxygen atom to the central atom will involve 
no considerable alteration in atomic di8tan(‘.es. The rotational fine structure 
of the ultra-violet bands of sulphur monoxide as obtained by Henri (loo, ciL) 
gives the S-O distance as 1 *34 A. ; the corresponding distance in the dioxide 
was foimd by Wierl,t using the electron diffraction method, to be 1*37 A. 
The average value for the P-K separation in the doublets is 27 cm.”^, this should 
by substitution in the formula I — iT/(jVAv® give an approximation to the 
largest moment of inertia, which is thus evaluated as 5 vl x 10 g. cm.*. 
The three moments A < B < C are given by A — (2wi*co8*a)M/(M + 2w)^ 
B = 2wi*8in®a, and C ~ A + B, where a is the semi- vertical angle, I the 
8-0 distance, M the mass of the central atom, and m of the external atoms. 
We can solve C — A B for I, and the value so obtained is 1 - 2 X 10" ** cm., 
in reasonable agreement with WierFs determination. The interatomic separa- 
tions in the case of ClOg will probably be of the same order but somewhat 
larger. If it be assumed that the P -B separation observed corresponds to the 
smallest moment of inertia, then the interatomic distances become apparently 
too large, and are as given in Part VI, the S-0 value rising to 2 - 3 A. 

Bemsene offers another case where six electrons are available for every two 
chemical bonds, the angle between them being again 120'". The most intense 

• ‘ Z. PhysikF vol, 73, p. 1 and p. m (i931). 

t ‘ Phys. Z.; vol. 31. p. 1028 (1980). 
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Baman displacement is 992 cmr\ and according to Placzek’s rules must be 
identified with the symmetrical expansion and contraction of the ring. When 
this is done, the force constant between the OH groups appears as approxi- 
mately 7x10'® dynes /cm., representing single links between these groups. 
The stability of the benzene ring is thus similar to that of the sulphur dioxide 
molecule. 

Experimental Results for Carbon Disulphide. 

Band C af 4*6 [i . — Reasonable galvanometer deflections were obtained in 
this region, and the band was therefore reinvestigated. Its contour as 
determined with slit widths of 50 A., or 3*5 cm.“^, is shown in fig. 4 ; it has P 
and R branches, with a separation of slightly more than 13 cm.“'^, whereas 


/yat'e length l^J 

4-66 4^4 4€Z 4-60 4SB 



the values for the bauds at 11 -4 and 6-67 in Part III* were 13 and 12 cm."* 
respectively. Dennison and Wrightf obtained the corresponding value for 
the band at 26*2 |x of 16 -4 our values are reproducible and easily 

determined, and, since both the grating and the prism give the same result, 
may be taken as definite. The discrepancy is too great either to arise from 
incomplete separation of the branches, or an increase in the effective moment 
of inertia owing to the vibrations of the constituent massive particles. The 
probable explanation is a coupling between oscillation and rotation such as 
Teller and Tisza| invoked to explain similar inconsistencies in Hie line separa- 

• ' Proo. Roy. Soo.,’ A, vol. 132, p. 236 (1931). 

t ‘ Phy». Rev.,’ vol. 88, p. 2077 (1931). 

J ■ Z. Physik,’ vol. 73, p. 791 (1982). 
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tions observed in certain bands of the methyl halides. Inconstancy in P and R 
branch separations is even more marked in the infra-red spectrum of COj 
and probably arises from the same cause. 

The infra-red spectrum of CS 2 is given in Table III. 


Table III. 




B«iid contro. 


P - H 


l>if!«reno<i 

Band. 

Origin. 


Vo {r.m.~q. 

Maxima. 

sejmration 

Vo 

(calc.). 

ve - Vo- 

(cm.*-^). 





, 

r 405-8') 




' — 

Vi 

25-2 

3im-K 


396-8 i 
389-4 

Jft-4 

... - 


Kaman 


15-3 

ftr>r>-r> 




.... 

A 

V3 - ■ Vi 

11-391 

S78 


886 \ 
872 f 

13 

8ft7-5 

^ 1 1 

B 


ft -560 

1523 


r 1530 \ 

1 1618 / 

12 

— 


0 

Vy -f Vi 

4-ftl.3 

21ft7 


^2176-31 

1 21ft2-0f 

13-3 

2178 

n 

D 

V,, -f 2vji 

4-292 

2330 


— 

2318 

-12 


VjL is the optically inactive frequency appearing in the Raman spectrum at 
666-6 in conjunction with 2 ^^ at 795*0. The allocation of frequencies 

in Table III is in accordance with Dennison’s recent paper on the “ Vibrational 
Levels of Linear Symmetrical Triatomic Moleculoa.”^ In Part V we applied 
the resonance theory of Fermif to the f^lucidation of the CS^ and COS spectra ; 
it seems probable, especially in view of the failure of Fermi’s theory to explain 
the constancy of the separations in the double doublets,! that Dennison’s 
allocation is correct, a similar interpretation being possible for the COS speo 
trum as in Table IV, 


Table IV. — The Infra-red and Raman Spectrum of COS. 


Mode. 

Proqueney (cro.~*). 

Mtide. 

1 

1 Kroqucncy (cm.”‘). 

Ob»erved. 

Calculated. 

Observed. 

Calculated . 


627 


1 

2079 




859 

— 

•^5 f ‘'i 

am)* 

2938 

2 v« 

1061 

1054 

V3 -f 2 v2 

3096 

31.33 

2vi 

1718 

1718 

V3 f 2vi 

3742 

3797 

Vi d- Svj 

1898 

! 1913 

2.3 

4084 

4168 


♦ ‘ Phys. Rev,/ vol. 41, p. 304 (1932). 
t ‘ Z. Fhyeik; vol. 71, p. 260 (1931). 

X CasBie and BaUey, ‘ Z, Physik,’ vol. 79, p. 35 (1932). 
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The band at 1061 has a Q branch ; this is iu accordance with Dennison’s 
selection rules, since is a symmetrical vibration, and the changes in electric 
moment have components along the axis of rotation. We have shown that 
failure to eliminate scattered radiation of shorter wave-length in the region 
of 18 (X results in poor resolution and a considerable diminution in the observed 
intensity of the band,* Before this was realized, any interpretation of the 
strong band at 1051 cm."^ as the first harmonic of the weaker band at 627 cm."^ 
was ruled out. The contour of the latter band as given in Part V indicates the 
incomplete resolution achieved, and in analogy to the similar long wave bands 
of CSg and CO 2 , this band may be expected to contain a Q branch. 

Correction to Part P.f 

The values of the restoring couple per unit angular displacement are in- 
correctly given for the molecules COj, COS, and CS 2 on pp. 389 and 390. The 
three molecules are surprisingly similar, since in spite of the great polarizability 
of oxygen compared with sulphur, the restoring couple is the same in all three 
cases, and amounts to 6 X 10 dyne cm. The significance of this will be 
discussed in a future paper. 

Our best thanks are due as always to Professor F. Q, Donnan, F.R.S. One 
of us {A.B.D.C.) is indebted to the Department of Scientific and Industrial 
Research for a Senior Award, 


Summary, 

(1) The sulphur dioxide bands at 4-01 and 4-37 p have been examined with 
a grating spectrometer, and the presence of a previously unrecognized Q 
branch in the former makes it certain that the molecule is triangular, with a 
vertical angle of 120°. Apparent contradictions between the selection rules 
for the Raman and infra-red spectra are thus removed, 

(2) The carbon disulphide band at 4*61 p, when explored with the grating 
instrument, confirms the previously determined separation for the P and R 
branches. 

(3) The molecular structure of the above substances is discussed. 

♦ ‘ Proc. Koy. Soc./ A, vol. 137, p. 623 (W32), 
t ‘ Proo. Eoy. Soc./ A, vol. 136, p. 376 (1932). 
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The Collision of Slow Electrons with Atoms. IIL — The Excitation 

and Ionization of Helium by Electrons of Moderate Velocity. 

By H. S. W. Massky, Ph.D*, St^nior 1851 Exhibitioner, Trinity College, 
Cambridge, and C. B. 0. Mohr, B.A., M.Se., Trinity College, Cambridge, 
1851 Exhibitioner, University of Melbourne. 

(Communicated by R. H. Fowler, F.R.S. — Received December 17, 1932,) 

It has been shown that quantum mechanical methods art' capable of pro- 
viding a general explanation of the phenomena observed in the excitation of 
hedium by the impact of low velocity electrons. Thus a well-known feature 
of the observations is that the probability of excitation of a triplet state attains 
a maximum for electrons of much lower v(*locities of impact than in the case 
of the singlet state and falls off very much more rapidly as the velocity 
increases. By using Bom's method of approximation and taking into account 
eh^ctron exchange the variation of excitation probability with velocity of 
impact has been calculated for various singlet and triplet levels of helium for 
energies between the resonance potential and 60 volts.f When one compares 
the observed and <ialculated curves it is foimd that qualitative but not 
quantitative agreement is obtained. It is therefon^. necessary to improve the 
methods of calculation and an attempt was madc^ to do this by taking into 
account the distortion of the incident and outgoing electron waves by the 
fields of the normal and excited atom respectively. J As a result it was then 
found possible to explain the diffraction effects observed in the inelastic 
scattering of electrons at large angles but the calculated variation of cross- 
section with velocity is still not satisfactory. 

In order to improve the theory it is important to detemiirie the range of 
validity of the simple method of approximation by extending the calculations 
to higher velocities of impact (up to 400 volts) where the method should be 
more accurate. This is of special interest in view of the recent experimental 
measurements of Lees§ and of Thieme|j who have measured the excitation 

t Massey and Mohr, ‘ Proc. Roy. Soc.,* A, voL 132, p. 606 (1931) ; referred to subse- 
quently as paper A, 

t Massey and Mohr, ‘ Proc, Roy. Soc.,’ A, vol. 139, p. 187 (1933) ; referred to subse- 
quently as paper U. 

§ * Proo. Boy. Soc.,’ A, vol. 137, p. 173 (1932). 

II ‘ Z. Pbysik,’ vol. 78, p. 412 (1932). 
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functions of the various helium lines for electron energies up to, and in certain 
cases greater than 400 volts. In this pap<‘r we have c»xt ended the calculations 
in this way and have considered also ionizing collisions. Since the probability 
of ionization by electrons can be measured with considerable accuracy we 
can apply u very satisfactory test of the theory in this direction. In addition 
to the probabilities of ionization of ‘hydrogen and helium the velocity and 
angular distributions of ejected and scattered electrons are also computed. 
The (comparison of calcnlated and observed results is discussed in detail 
and it is found that Bom's approximation is valid for electrons with energies 
greakT than 200 volts. 

Secimi /. E'jcciMion of Helium. 

§ 1. Methxl of Cahul-ation. — Employing throughout the same notation as 
that used in paper A we 8C(! that the differential cross-sc(’tion I^ (8)dco corre- 
sponding to excitation of the state frorn the ground state by an electron whi(*h 
is scattered through an angle 8 into the solid angle do> is given by 

ww (1) 

^ J JJ ^23 ^13' ^2) 

ft* JJJ Vrj ria' 

Tq, are the wave functions for the initial and final states respectively, 
kj2n being the wave number of the electron incident in the direction of the 
unit vector Hq and HI2n that of the electron scattered in the direction of the 
unit vector nj. 

We may use for the wave functions Tq, the same forms as those given 
in paper A for the P and D states. If we write 

+«.»(Zk) 

for the wave function of a eingle electron in the nlm state in the field of a 
charge Zc, the approximation used in paper A corresponds to a wave function 
for the nhn state of helium of the formf 

(r„ n) =* 2 -i (2 1 r,) ( 1 1 rj ± 4/, (2 1 r*) 4'„,« d | n)}, (4) 

t Eokart, ' Phys. Kev.,’ voJ. 36, p. 878 (1830). 
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while the wave fimction for the ground state takes the form 

'J'o {»'2. H) = 'Vo (Z I rj i{/o (Z I »a), (6) 

where Z = 1*687, 

Wave fimctionB of this form are orthogonal to the ground state wave function 
except for S states, for which the choice of suitable wavt‘ functions is much 
more difficult. Those functions obtained by variation methods are not 
orthogonal to tlie ground state wave function, and errors due to this may be 
vf'ry grt'at. Since paper A was written Vintif has sugg(‘sted a form 

't" n 0 (){»‘ 2 . h) = 2“^ (a I fi) 4^„oo (P I »' 2 ) I- yn(« I «'«) P l^)} + Y 

(6) 

where the constants a, p an? adjusted by a variation method and y is taken 
to be 

Y = — [ 'Co r^) (a | r^) (p | r^), dvi dv« (7) 

SO the function T„oo orthogonal to that of the ground state. Thus 
for the 2 state we have 

a '^1*98 [3 = 1*20, 

and these values wrTts adopted in tlie present calculations. For higher singlet 
8 states this method may be extended in the manruu* suggest(‘d by Slater. i‘ 
Thus for the 3^8 stat<? we choose an initial function obtained by the variation 
or other method, and then make up linear combinations of this function with 
the 2 ^8 and 1 ^8 functions so that the condition of orthogonality of 3 bS to 
2 and 1 ^8 is satisfied, 

For triplet 8 states a similar method may be apjdied. The 2 *8 wave function 
must be chosen to be orthogonal to the 1 function representing the excluded 
ground state of the triplet system. This function may be taken to be of the 
form§ 

'Fjo® = N ^ (8) 

The use of these orthogonal wave functions certainly improves the results to 
a considerable extent, but it is still unlikely that they give results of as high 
an accuracy as is obtained for states with azimuthal quantum number greater 
than zero. 


t ‘ Phys. Rev.,’ voL 37, p, 448 (1931). 
t * Phys. Rev.,’ voL 42, p. 33 (1932). 

§ Hylleraafl, ’ Z. Physik,’ vol. 64. p. 347 (1929). 
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Let UB now consider, firstly, the excitation of singlet states. For the velocities 
of impact considered, we may neglect the exchange term g in comparison with 
/, and this introduces some simplification, for it enables one to choose the axis 
of the system for the calculations along the vector hn^ — i'ni, and so all 
transitions in which the magnetic quantum number changes are excluded. 
Following the method of paper A, we” then find, using the wave function (4) 

2^ (21 + 1)^ K*-* (7 + 1) ! 

{(« - 1 -- 1) !}^ {(« + 0 ‘ [(«Z+ 1) 

{(nZ + ])*4-4!?}“ 

(x)-2«.Z{{«Z-lf +4C*}*{(«Z + l)*+4!;«}* 

tnti. o (X) 4- («Z - 1) {(nZ + 1)* + 4>:*} (X)]. (9) 

when' 

;r = («2Z2 - 1 + 4^2) {(mZ + 1)» + 4i?}-‘ {{nZ + 1)® + 4??}"* 

+ A'* - 2M' cos noo- 

Tho coefficients C," are defined in terms of the expansion 
(1 — 2«« + M*)~- = 2 C/ (<) «*, 


and the expressions for the coefficients for S = 0, 1, 2, 3 are 

C„- (X) =. 1 , C,- (X) = 2vx, C,^ = V {(2v + 1) - 1}, 

CV (x) = 2v (v + I) {| (v + 2) X* — x}. 

For the S states it is not possible to give any general expressions, but the 
evaluation of / can be carried out in all cases without difficulty. 

On substitution of the form (9) for/ in (1), we obtain the angular distribution 
of the scattered electrons, and some of these are illustrated for various states 
in fig. 1, while numerical values are given in Table I. Integration over all 
angles of scattering gives the total cross-section corresponding to the excitation ; 
the numerical values of the cross-sections for various excitations presented to 
electrons of 100-, 200- and 400- volts energy are also given in Table I. 

Before discussing the experimental results, we will consider briefly the 
calculation of g. The labour of this calculation is very much greater than that 
for /, as it is only possible to evaluate g with any accuracy by expansion in a 
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seriee of spherical harmonics. For the velocities of impact considered, the 
zero term in tliis expression is small, and we may write, with the form (3) 
for g : 

Sf = S P ” (cos 8) S'. S", [ Y, F. (r,) G. (r*) dr* . (-)“-'+• 

i-K-m J 

{I -f m -f- 0 ! f ”») f H ! (2m — 2«) ! m ! 

(«—«)! (s— <)! t\ (v— m)! (v— s-fm+i)! (2mH-1)! (i — tn — <)!(m — — '^) !’ 


F. (rj)G.(r*). 


2i!( 21+7) Z*/Vme2 


-1-])! (21+ 1)(1 — m)! li 
n {(« -f- 1) !}* (1 + »») ! 


a,3+‘ ki A-'-i 

X exp - i {M.Zr, f r*} . r,»'* r*' » * (k'r,) j (At*) 1^+’ (^\ 

y. = V ri < /g ; == r^' rg < ; w = J (/ + v + s). (10) 

Thff summation over ^ is carried up to siKjh values that all factorial terms 
remain positive and the summation for s is over those values which do not 
violate the condition that i, v, s form the 
sides of a triangle of even perimeter. 

For electron energies as great as 200 
volts, at least six terms of this series are 
required, and although it is possible to 
evaluate each term by analytical methods 
using explicit expressions for the Bessel 
functions, the complications of algebra 
become so great that it is necessary to 
resort to numerical methods of integra- 
tion. After carrying out calculations in % J 

1/3 

this way for the P levels, it was found 

possible to develop a semi-empirical ^ 

formxila for the exchange integrals at 

the higher velocities of impact, and this Fia. L— Angular distributions of elec- 

was used to extend the calculations to 200-volto incident energy, 

, , V , scattered after exciting various levels 

the other levels. of helium. 

The angular distributions of electrons 

which have excited various triplet levels are given in Table I, together with 
the corresponding total cross-sections. 

2 §. Comparisofi wUh Experiment, — ^Let us first consider the angular dis- 
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Angle of scattering 
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Table I. — Calctilated Angular Distributions (per unit solid angle), and Total Cross- 
Sections for Elastic and Inelastic Collisions of Electrons in Helium, in units of 


Ijevcl. 



5'\ 

10\ 

20^ 

3(i"\ 

40^ 

Oros»- 

aootion. 


100 

0 09 

i)-98 

0-92 

0-79 

0-61 

0-45 

0-375 

1 

200 

0*09 

0-97 

0-K7 

0-65 

0*41 

0-25 

0-205 


•too 

0 00 

0-05 

0-77 

0*45 

0-22 

0-10 

0-107 


100 

0*120 

0-120 

0-103 

0 -049 

0-0200 

0 0063 

0-0087 

2»S 

200 

0 • 155 

0-126 

0 087 

0-024 

0 0039 

0 0007 

0-0049 


400 

O-lOO 

0-120 

0-057 

0-005 

0 -0004 

0 0/; 

0 0026 


100 







0-0017 

3‘S 

200 







0-0012 


400 







0-0007 


100 







0-0,27 

2 *S 

200 







0-0*6 


400 







0-0*2 


100 

7-8 

4-4 

1-78 

0-32 

o-orsi 

0 013 

0-107 

2 4* 

200 

17*7 

4-5 

0-99 

0-068 

0-00B8 

0-0007 

0-069 


4(K) 

39 

2 6 

0-33 

0-009 

0 0003 

0-0*2 

0-047 


100 

l-Sl 

1 -20 

0-45 

0-103 

0-021 

0-0043 

0-031 

3 ‘1.’ 

200 

4*5 

1-33 

0-24 

0-027 

0-0025 

0-0,28 

0-021 


100 

9*7 

0-81 

0-084 

0 0035 

0 - 0,14 

0-0,8 

0-013 


100 

O-fiS 

0-46 

0-215 

0-043 

0-0092 

0-0020 

0-012 

4H" 

200 

1-71 

0-52 

0-131 

o-on 

0-0012 

0 - 0,13 

0-0086 


400 ! 

3*70 1 

0-33 

0-048 

U-0015 

0-0*6 

0-0,4 

0-0061 


100 

0-30 : 

0-245 

0-115 

(>•0235 

0-(H)50 

0-00 10 

0 -0063 

5 ^P 1 

200 

O'Ol i 

0-278 

0-070 

0*0059 

O-O357 

0-0*62 

0-0046 


400 

2-00 

0 177 

0-026 

0-0008 

0-0*29 

0-0,18 

0-0084 


100 

0-0026 

0-0025 

0 0023 

0-0017 

0-0,9 

0-0,4 

0-0,72 

2«P 

200 

o-o/m 

0-0,59 

0*0,49 1 

0-0,23 

‘>‘9*7 

0-0*1 

0-0*69 


400 



1 




0-0,7 


100 

0-0,40 

0-0g38 

0 0/34 , 

0-0,24 

00,14 

0-0*7 

0 0,12 

3*P 

200 

0-0*80 

0-0*76 

0-0*67 I 

0 - 0 , 4 O 

0-0^17 

0-0,5 

0-0*17 


400 







0-0,2 


100 

00, 109 

0 0,104 

0-0*99 1 

0-0*75 

0-0*47 

0 - 0,26 

0 - 0,43 

4 *P 

200 

OO42O 

0-0,19 

0-0*17 

0-0*11 

0-0,5 

0 - 0,2 

0 - 0,62 


400 







0 - 0,6 


100 

0 0109 

0-0008 

0-0070 

0 0028 

O-Og? 

0 0,14 

0-0,50 

3*0 

200 

0-0132 

0-0106 

0-0052 

0-0*86 

0-0*8 

0 0,7 

0-0,28 


400 1 

0-0142 

0-0094 

0-0023 

0-0*11 

0*0,3 

0-0,1 ' 

0-0,15 


100 

0 0063 

0-0051 

0-0039 

0-0015 

O-O339 

0-0*8 

0 - 0,27 

4*1) 

200 

0-0067 

0-0055 

0-0032 

0-0,48 

0-0*46 

0-0,41 

0 - 0,16 


400 

0-0074 

0-0040 

O-OglB 

0-0*63 

0-0,18 

O-OyH 

0 - 0,79 


100 

0-0031 

0-0028 

0-0021 

0-0387 

OO323 

0-0*49 

0 - 0,163 

5*1) 

200 

0-0037 

0-0031 

0-0018 

0-0,28 

0 0*27 

0-0,24 

0 - 0,86 


400 

0-0040 

0-0028 

0-0,97 

0-0*47 

0-0,11 

0-0,45 

0 - 0,45 
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Table I. — (continued). 



Volts. 

0^ 

5^ 

i 

10”. 

1 J 

20^. j 

1 

i 

40^ 

Crosa- 
i aeotion. 

1 

! 

100 


1 1 

1 1 

j 

i 


00582 

3*IJ 

t 200 ! 


j 





0-0,44 


400 ! 



! 1 

1 

1 

1 

1 


0-0,8 


100 

0-0*218 

1 0*0*270 

! 0-0*357 

0-0*207 

0-0 588 ! 

0*0*20 

0 '0,388 


200 

0*04130 

! 0-0*288 

! 0-0*396 

0-0*108 

0*0*102 ! 

0*0,74 

0*0,204 


400 

O-OrOO 

0 0*370 

1 0-0*300 1 

OO 5 I 42 i 

0*0,31 1 

0-0,94 

0*05102 


100 

12-2 ; 

! 8*0 

1 3*6 

1-32 i 

0 • 75 j 

0*47 

0*540 

Total 

200 

27*0 

; 7-0 

2*4 I 

0-70 

0*42 1 

0-25 

0*318 


400 

i 

i fi7-8 

j 5*1 ! 

1 1*3 

0*40 i 

0*22 i 

! 

0*10 

i 

0*180 

1 


tributions of the scattered electronK. Referring to Table I, we note that for 
the excutation of singlet states : — 

(а) Th(i angular distributions of olectroas which have excited levtils with the 
same azimuthal quantum number are very similar in form. 

(б) The probability of excitation is large only of transitions which are also 
optically allowed, viz,, the excited singlet P states. At smaU angles, 
the ('xcitation of the 2^P level takes place witli greater probability 
than an elastic collision, but the reverse is the case at large angles. 

(c) The limit of the probability for small angles of scattering increases as 
the velocity of the incident ele(jtron increases, although the tot al cross- 
section may be decreasing with increase of velocity in this range. 

All thes<3 results arc in agreement with experiment. Thus Whiddiagton 
and Roberts, t and Van Atta,J using different methods of velocity analysis 
of the scattered electrons, have measured the relative probabilities of excita- 
tion of helium and other atoms by undeviated electrons of various velocities. 
Whiddington and Roberts, using an incident electron beam of 400 volts in 
helium, were able to distinguish ixon-deviated ehxjtrons which had excited the 
2^P, 3^P and 4^P levels, but none which had excited other states. The 
relative intensities of these three groups of electrons is approximately in agree- 
ment with the values given in Table I. Again, Van Atta finds that the prob- 
ability of excitation of the 2 ^P level by non-deviated electrons increases with 
electron velocity from 100 to 300 volts. As the relative probabilities at 

t ‘ Proo. Leeds Phil. Soo.,’ vol. 2, p. 201 (1931). 
t * Phys. Rev.,’ vol. 38, p. 870 (1931). 
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different voltages vary very rapidly with the angle of scattering, it is not 
possible to compare directly Van Atta s results with theory. However, as 
the angular range of collection used in his experiments was V 40', and as he 
finds that the probabilities at 100, 200, and 300 volts are in the ratio 1 : 1-55 : 
] *01, it will be Hwn by reference to Table I that the angular distribution would 
indicate very much the same variation with velocity. 

The experiments of Mohr and Nicollf provide further evidence of agreement 
bt^tween theory and experiment. They find that the angular distributions of 
electrons of the samti incident velocity which have excited tlie 2 and 3 ^P 
levels of helium are almost sup<*rposable wluiii fitted together at one angle*, 
just as predicted by tlu^ory. The ratio of the probabilities of excitation of the 
two levels is measured as 2*7 in good agreement with the expected ratio. 
Finally, a detailed comparison of the theoretical and observed angular dis- 
tributions shows that the agreement is quite satisfactory at angles less than 50° 
provided the incident elec^trons have energies greater than 80 volts. At large 
angles, deviations are appar(*nt, the theory predicting too little scattering. 
Further experimental observations are required for other incident velocities. 

We now consider the experimental evidence available as to the magnitude 
and form of variation with velocity of the cross-sec ions for excitation of the 
various levels. Such evidence is available from two sources, from the absolute 
measuiHiments of the total cross-sections and ionization cross-sections for 
electrons of various velocities, and from the optical experiments in which the 
intensities of excjitation of various spectral lines are observed. 

The total cross-sections measured by Norraandf include the elastic, discrete 
inelastic, and ionization cross-sections. Smith§ has measured the ionization 
cross-sections by a different method, so the difference of the total and ionization 
cross-sections can be compared with the calculated sum of the elastic and 
inelastic, cross-sections given in Table I. The comparison is given in Table II, 
and it is seen that the agreement is reasonably good at 100, 200, and 300 volts, 
but at 400 volts the observed value is very small and is untrustworthy. Below 
100 volts, there seems to be a definite disagreement between the theoretical 
and observed values. 

Let us now turn to the evidence available from spiMitroscopic investigations. 
Measurements of the intensity of a given spectral line, say the 2 ^8 — 3 ^P line, 
due to electronic excitation give the cross-section for excitation of the upper 

t ‘ Proo. Roy. Soc.,* A, vol. 138, p. 229 (1032). 

X ‘ Phys. Rev.,’ vol. 36, p. 1217 (1930). 

§ ‘ Phys. Rev.,’ vol. 36, p. 1293 (1930). 
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Table II. — Comparison of Calculated and Observed Values for the Sum of the 


Elastic and Inelastic Cross-Sections (in units of Too®). 



1 00 voltH. j 

1 j 

100 volts. I 

2tK> voHh. 

400 volts. 

1 

Calculated 

0*79 

M3 

i 

0-65 

0-67 

0-32 

0-31 

0‘18 

ObBerved 


state from the ground state multiplied by th<i chance that the excited level 
will drop to tht‘ observed final state, instead of to other possible final states. 
As it lias recently been found possiblef to measun* the n^lative magnitudes of 
th(> excitation probabilities of the different spectral lines, it is important to 
calculate the relative pmbabilities of the different optical transitions in order 
to reduce the observed values to represent relative cross-sections for excitation 
of the uppt^r state. Thus if the measured cross-section for emission of a quantmn 
of 2 — 3 radiation is Q (2 — 3 *P), then the cross-section corresponding 
to the 1 — 3 ^P excitation will be 


Q(2hS--3iP) 


mSU* j rn3*e 
1 ;{ J.S “T" 2 *S 




J 2 >8 


where T denotes the transition probability associated with the switch. The 
probability of transition between levels n and m is proportional to 

V® 

* nm 

where is the frequency associated with the transition. Knowing the wave 
functions of the various excited states, it is possible to calculate the T’s, but 
it was found unnecessary to recalculate the integrals for helium except for 
transitions to the deep S levels, the corresponding values calculated for 
hydrogen by KupperJ being sufficiently accurate. It also appears that the 
higher S wave functions described in the previous section are not very suitable 
for the calculation of optical transition probabilities, and considerable error 
is to be expected in the reduction of observed cross-sections for n^S — 2^P 
and n *S — 2 *P transitions. 

The two sets of measurements due to Lees and Thieme {loc, dt.) do not agree 
very well as to the absolute magnitudes of the cross-sections, but as this 
requires a knowledge of the actual number of quanta photographed, it is not 

t Lees and Thieme, loc. cit. 
t * Ann. Physik,’ voi. 86, p. 611 (1928). 
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surprising that this discropano}- exists. Because of this it wixs thought best 
to reduce all the o])served values to compare with the vahie observed for the 
2 line for 200-volt electrons (after reduction for optical transition 

probabilities). When this is done, we obtain the observed values, given in 
Table III, which are to be compared with the calculated values in the same 
table. 


Table III.— Comparison of Observed and ("aK ulated Exiutation (Voss -Sections for Electrons 
of various Incident Energies. (All values are adjusted to agree for the 3^P level and 
200-volt eleetroris.) 


Level. 

j 

60 volta. 

lOO vullH 

1 

Lees. 

2m voU.s. 

400 volte. 

i.. 

iThiuraoJ Calc. 

1 1 

Lees. 

Thiomr.i 

('nlc. j 

i j 

Thieme. i 

! 

Calc, j 

Letis. 

j 

jThieme. 

Calc, j 

Lees. 

sip 

1-06 

190 

1*00 

1*22 

1*48 

1*18 ! 

l-OO 

100 

1-00 

0-58 

0*62 

0*69 

4ip 

0*46 

0*74 

0*46 

0-54 

0*57 

0*50 

0-43 

0-41 

0*41 

0-23 

0*29 

0*29 

6iP 


0*39 

0*062 


0*30 

0*079 


0-22 

0-059 


0*16 

O-045 

8»P 

0 35 

0*03 

0 010 

0*116 

0*0,67 

0*0,68 

0*032 

0 0,8 

0-0,27 

0-014 

0*0,1 

0*0,17 

2^8 


0'67 



0-41 



10*23 



0*12 


818 


016 



0*09 



006 



0 03 


41 s 

0 012 



0 0,80 



0*0,56 



0*0,36 



51 s 

0 027 


0*0,82 

0020 


0046C 

0*012 


0*0,46 

0-0,71 


0*0,27 

eig 

0*012 


0 -0,44 

0*0,72 


00,35 

0 0,38 


00,18 

0*0,27 



2»S 


(>•03 



0*013 



0-003 



0-001 


4»S 

0-0, «6 


0*0,23 

0*0,25 


0-0,85 

0*0,47 



0*0,26 



6»8 



0*0,29 

0*0,20 


0 0,96 

0*0,66 



0*0,33 



a»s 

0*0,66 



0*0,22 

i 


0*0,23 





0 - 0,37 

41 D 

O-OIH 

0 020 ! 

0*0,9 

0*013 

0*013 

0 0,8 

0*0,73 

0-0,72 

0*0,66 

0*0,43 

0-0,37 

5 ID 

0*011 

0011 

0*0,53 

0*0,86 

0*0,73 

0 0,64 

0*0,45 

0*0,40 

0*0,39 

0-0,26 

0-0,21 

0-0,25 

6 ID 

0 0,61 



0*0,43 



0*0,26 



0-0,15 



3»D 

0*017 

O'O,? 


0*0,87! 

0 0al5 


0*0,45 

0*0,21 


0-0,33 

0*0428 


4>D 

0*0,81 


0*0,72 

0*0,45 


0-0,«6 

0*0,22 


0*0,50 

0-0,13 


0-0,33 


On comparing the two sets of observed results, we notice particularly the 
following discrepancies : — 

(а) Thieme observes the 1 S — 3 *P excitation to take place very much more 
strongly than Lees, and in Table II of his paper estimates that as much 
as 17 per cent, of the collisions made by GO- volt electrons actually 
result in radiation of the line 2 *S — S^P. As this refers to a total 
collision area tt x (9*6 X 10 cm.* and as the total cross section 
measured by Normand is only tt x (6*5 X 10"®)* cm.*, tliis seems an 
inconceivably large value. 

(б) For the ^S, and *8 levels, Lees obtains considerably smaller relative 

cross sections than Thieme. This is probably owing to overestimation 



023 


Collision of Slow Electrons with Atoms, 

by Lees of the oross-sections for the excitation of levels, as a result 
of broadening of the spectral lines by absorption of 1 8 — 3 radiation 
by neighbouring atoms, with consequent emission of 2 — 3 ^P radia- 
tion. Thieme employs a very low gas pressure (5 X 10"® mm. Hg.) 
and sucli effects should be much smaller in his measurements. 

Turning now to th(^ agreement with experiment, we notice that for excitation 
to the levths 3 ^P, 4 ^P, 4 and 5 there is very good agreement for voltages 
of 100 and upward. Comparison with observed values for S levels is difficult, 
as the reduced cross sections are very inaccurate (thus the reduction makes 
the probability of excitation to 4 less than that to 5 hS), and it is not possible 
to calculate the excitation probabilities of the higher S levels with any accuracy. 
However, it does not appear that there is any marked discrepancy to be 
expected. It will be noticed that the cah^ulated cross section for 5 ^P is between 

3 and 4 times greater than that observed by Lees. It is unlikely that the 
calculations arc incorrect for this level, as they agree wiMi experiment for both 
the 4^P and 3 ^P levels, and also predict the correct ratio for the probabilities 
of excitation to 2^P and 3^P. Ah the ratio of the probabilities for levels 
differing by one in total azimuthal quantum number remains the. same up to 

4 ‘P, it is very unlikely that there be any sudden jump between 4 ^P and 6 ^P. 

For the triplet levels the position is not so clear. For 3 ®P the agreement 

with Lees' value at 100 volts is reasonable, but the okservod values fall off 
much more slowly than the calculated values for higher velocities of impact. 
The observed values for ®D levels are not comparable with the calculated, as 
secondary processes are involved in the population of the higher D levels. 
Before discussing the triplets further, we will consider the comparison of 
observed and calculated cross section velocity curves. 

In fig. 2 the observedf and calculated curves for ^P, ^D, ^S, and ®S levels 
are compared, the observed curves for and ®S being fitted to the calculated 
curve at 200 volts, while the curves for ^P and are obtained by merely 
fitting together the calculated and observed for 3 at 200 volts. For the P 
levels we see that there is good agreement in the fonn of the curves above 100 
volts, but below 100 volts the calculated values become much too great. For 
^ 1 ) levels the agreement between Thieme's observations and the calculations is 
very good down to voltages as low as 75 volts, but below this voltage the 

f The values given by I^ees for the levels do not agree so well as Thierae’s, falling off 
much more slowly than the latter’s as the velocity is increased beyond that corresponding 
to the maximum in the excitation curve. 

t ‘ Phys. Rev.,’ vol. 80, p. 467 (1032). 
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calculatioUH agsin give too big a cross section. But with the levels no exact 
comparison is possible, and it appears fairly cert6dn that the cross-section- 
velocity curves for levels with the same azimuthal quantum number are of 
very much the same form, so the experimental points for 4 6 ^S, and 6 

are compared with the calculated 3 curve, the relative magnitudes of all 
being adjusted to obtain agreement at 200 volts. In contrast to P and D 
levels no marked discrepancy between theory and experiment is apparent 



Fia. 2. — Comparison of olmervf^l and oalcidated excitation*cro88-8ection- velocity curves. 
calculated ; obserN^ed. 

down to the lowest voltages. For ®S levels the same procedure is followed 
and reasonable agreement is again obtained down to low voltages. 

When we (iompare the experimental and theoretical variation with velocity 
of the excitation probabilities of and levels, we see that the observed 
values fall off only as for high velocities instead of as calculated. Such 
behaviour would be expected if spin-orbital interaction were appreciable, for 
in this case the 2 ®Pi level is not completely orbitally antisymmetric, and so 
may be excited without electron exchange. This has been illustrated by 
Penneyf for the excitation of mercury, but for this atom intercombination 
lines appear quite strongly in the spectrum, whereas for helium only one such 
line has been observed. It is therefore inconceivable that spin-orbital inter- 
action in helium is sufficient to explain the discrepancy. In view of the agree- 
ment obtained with ®S levels, the disagreement is at first sight surprising, but 
it is very probable that cascade effects produce the observed intensity of the 

t ‘ Proc. Roy. Soo./ A, voL 137, p. 186 (1982). 
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2 *S — 3 *P lines at these velocities. Thns Lees and Skinnerf have shown that 
the transition 

lig f 4ip ...431)^ PS, 

may take place very readily on impact between helium atoms, and they 
showed that the peculiar form of their excitation cur\"es for 4 — 2 ®P lines 
is due to this transition. If their interpretation of this is correct, then the 
cross section for the process (a) in the scheme 

;.2»P (a) 

PS->4^P -4«I>r 

-^3«P (6) 

is 5*4 X 10”^ cm.^ for electrons of 200 volts. Now the chance that an atom 
in the 4 ®D state should radiate a quantum of 4 — 2 ®P radiation is only about 

three times greater than the chance of radiating a quantum of 4*D — 3^P 
radiation. The crosS‘Section for excitation of the 3 ^P levcd by the cascade 
effect (6) is then about 1*8 X 10“®® cm.® and is comparabh? with the observed 
cross-section (4*7 X 10” ®® cm.®) for the 3 ®P — 2®S transition at 200 volts. 
It therefore seems very probable that the apparent discrepancy between 
theory and experiment is not a real one. Further evidence in favour of this is 
afforded by the fact that no cascade process of the type above would result 
in the population of ®S levels to any apprindable extent, and so we expect th(‘ 
agre<?ment iK^tween calculated and observed cross-sections. 

Section IL Ionization. 

§ 3. Method of Calculation . — VVe now consider inelastic collisions in which 
the atom is excited to a state which lies in the continuous spectrum. This 
state will be distinguished by the suffix #c where k is related to the energy E„ 
of the state by the expression 

** 87c®m ’ 

The problem of investigating the angular distributions of scattered and of 
ejected electrons is complicated by the fact that no experiment is capable of 
distinguishing between the two, and interference will take place between them 
just as for scattered and exchanged electrons in an elastic collision. This 
interference will not affect the calculation of the probability of ionization by 

t The values given by Lees for the levels do not agree so well as Thieme's, falling off 
much more slowly than the latter’s as the velocity is increased beyond that corresponding 
to the maximum in the excitation curve. 
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olectrows of definite energy, and under certain conditions it will appear that the 
interference of the two st^ts of electrons may be neglected. Thus we find, 
assuming no interference, that the velocity distribution of the ejected electrons 
indieati^s a marked concentration towards small velocities, and as a coiisequence 
that of thc‘ scattered electrons will have a strong concentration towards high 
velocities. Hence we expect little overlap of the two except at intermediate 
velocities, and the calculated angular distributions of the scattered electrons 
should represent th(' observations made on the faster electrons observed from 
ionizing collisions, whereas the observations made on the slow electrons should 
be comparabh? with the calculations for the ejected electrons. This is, in 
fact, the case, and we will therefore proceed on the assumption of distinguish- 
ability throughout the following calculation. 

Owing to the large number of variables which must be taken into account, 
the problem of computing ionization probabilities is more complicated than 
that of the cak'ulatioii for discrete levels. Within the range of validity of 
Bom’s formula, we see that the probability of ejection of an electron with 
momentum lying between hKj^n and A(#c + dK)/2n into the solid angle da in 
the direction (y, Y) by an electron which is scatt<^red into the solid angle dco 
in the direction (8, 0) is given by 

do do) (k Y 1 1 V 4'o dv dvi da dco d^c. (11) 

Using Bethe’s formulaf 

ihis reduces to 


I dadoidKy (13) 

where 

*2 + 2/fci' cos 5. 


L do dw Ac 


A* jfcK* 


r Aien . r' 


The wave function tj/. must be normalized so as to have the as3rmptotic form 
(apart from logarithmic phase factors) : 

4;. ~ 0 «<» • + r-» (6, ^)} (14) 

where 

cos © = cos 0 COB X + sin 6 sin x cos {<f> — i|)), 
and the constant C is fixed by 

j = %!-*<*). 

t ‘ Ann. Physik,’ vol. 6, p. 325 (1980). 


( 16 ) 
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Sommeifeldt hae obtained a convenient form for this wave function which, for 
an effective nuclear charge Z is given by 

where 

5 = r' (1 + cos 0) 
n = Z/ta^ K, n* == in. 

This wave function is exactly correct for atomic hydrogen,! but for helium it 
is difficult to choose a satisfactory form for the aperiodic wave functions. As a 
sufficiently accurate approximation we take for this the wave fun<?tion (16) 
with Z==l *69 (the effective nuclear charge for the ground state). This 
function has the advantage of being orthogonal to the ground state wave 
function, and in any case the error marie will probably not be great for the high 
velocities of impacjt for which Bom's formula is valid. 

Substituting for 4^0 in (11), and (16) for we see that we require 

I = ||exp {— Zr/a0 + i (Arug — A*'ni) * r + iKr' (1 — cos 0) — u} «*• 

l^{l{iKl'u)^)dudv, (17) 



Fio. 3 . — Hq direction of incidence ; tii direction of Acattering ; n, direction of ejection ; 
n' direction of change of momentum of incident electron. 

We choose our axis along the vector Am© — k'n^, so that 


(A:no “ Aj'nj) . r = Kr cos 6 

where 

K* ifc* + - 2 kk' cos 8 , (18) 

t * Ann. Phyeik,’ vol. 9, p. 267 (1931). 

} As the experiments refer to mcdeoular hydrogen the calculations were carried out with 
a nuclear charge of 1 * 17 and allowance made for the two electrons present. In this way 
it is expected that all appreciable differences between the atom and molecule will be taken 
into account. 
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It is convenient to evaluate the integral (17) by using parabolic co*ordinates 
5 “ r (1 + 0)» >] = r (1 — cos 6), iff. 

Writing Z/a<, = (x and using the formula (17) we find that 

Ilf (~ 2 

M** Iq {z (i/c^'w)*} dy\ dif> dAiy (19) 

where y{ are parabolic co-ordinates referred to the direction of ejection 
(X» 4^) B &' is the angle which the direction of ejection makes with the 

vector kn^ — k'txi, then 

^ cos® + 7] sin* 1^9 + 2 ($7))* cob ^9 sin cos if>. 


Using this expression we havef 

1q {2 (wc^'m)*} = {2 8in*Jft)*} {2 (tK^ cos® 19’)!} cos miff, (20) 

Substituting in (19) and integrating over the if> co-ordinates we see that 

1 = -’^ expH5(— {A + tK+t<c)+T()(— (i — tK + »ic)}e-“tt" 

Ij {2 (wo)M sia* JS-)*} Ij {2 (wc^p. cos* Jfr)*} d5 dnj do. (21) 

We now make use of the formula 

re-*«Io{2r5»}d5=T«"’‘^ (22) 

Jo A 

and obtain 

I = K®+/c®4-2wc}“^ r exp{— w(— | x*4-K®+k®— 2KKca8 9)}u^du, 

Jo 

^^47rra+n) a + 

^ ^ ' a(x(-(x*~~K®-««® + 2KKoosa)"’’i’ 

Using now the fact that 

we obtain 
|I|®-=16n*p®K* 


n “ — i jx/#c, 

K® — 2Kk cos 9 4" (K® p®) cos® 9 


{(X* H- (K + k)®} {(X* + (K — k)®} {K* — 2#cKcos 9 4- #c*+ p*}* 


exp 


{- 




arctan ^ ^ 
K /c* — K* • 


2iuc 




(23) 


t ‘ Watson, “ Theory of Bessel Funotions,’* p. 361, Oamb. Univ, Press (1922). 
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We note that the probability of ionization is a maxunum when the conserva- 
tion of momentum is satisfied in the electron-electron collision, for in this case 

To obtain the angular distribution of ejected electrons of a given energy, it 
is necessary to substitute in (13) and integrate over all angles of scattering of 
the incident electron. 

Again, substituting (23) in (13) and integrating over all angles of ejection, 
we find that the angular distribution of the scattered electrons is given by 


^ 2^ g* |X« Kk' (K^ + |(pL« + ^)} . 

^ ^ k K* {fx* + {K + «)*}» {jx* + (K ~ k)*}» ^ 


exp (— 27 rfx/#t)} 


exp \ ^ arctan — 
I K K* 


2{xk 




IT-} 


(24) 


To obtain the probability of ionization, it is necessary to perform a second 
numerical integration over the wave number k of the ejected electron. 

§ 4. ResvUs of CaloulcUion and Comparison with Experiment, (a) Ionization 
Probability. — In figs. 4 and 6 the calculated probabilities of ionization of 
hydrogen and of helium are illustrated as functions of the energy of the incident 



Fia. 4. — Ionization probabilities in hydrogen. 

electron, and are compared with the experimental results obtained by Tate and 
Smith,t and Smith. | For hydrogen the observed cross-section beyond 100 
volts must be reduced by 8 per cent, to exclude the multiple ionization efleots 
which are not allowed for in the calculation. No correction is necessary in 
helium owing to the small probability of such multiple excitations. 


t ‘ Phys. Rev.,’ vol. 39, p. 270 (1932). 
t ‘ Phyg. Rev.,’ vol. 36, p. 1293 (1930). 

2x2 
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For electrons with energies greater than 100 volts in hydrogen and 160 
volts in helium, the agreement is quantitatively exact to within 10 per cent. 
This is very satisfactory and confirms the conclusions arrived at from the study 
of the excitation of discrete levels. It is further of great interest to note that 
the calculated probability becomes greater than the observed in increasing 
ratio as the velocity of impact decreases, just as we remarked in discussing the 
excitation of P levels. Just the same feature has been notedj in the behaviour 



Fio. 5. — Ionization probabilities in helium. 

of the calculated and observed probabilities of ioniisation of inner shells of 
heavy atoms by electron impact, and it appears to be undoubtedly due to a 
failure to Bom’s first approximation. However, this provides no ground for 
imagining a failure of the quantum theory of collisions, particularly as the 
agreement is so good at high velocities. In the concluding section we will 
discuss how the discrepancy might arise in the theory. 

(6) Vdodty D%stfib\dion.—Fi^. 6 illustrates a number of calculated velocity 
distributions of ejected electrons, and the Inset figure indicates the form of the 
velocity distributions of the ejected and scattered electrons combined, assuming 
no interference. The type of curve obtained is similar in form to that observed 
by Tate and PalmerJ for electrons resulting from ioniring collisions with mercury 
atoms. No observations are available for helium, 

It is interesting to note that the energy of ejection of maximum probability 
remains unaltered as the incident energy increases beyond about 50 volts. 
The form of the distribution curves indicates that there will be little inter- 
ference between ejected and scattered electrons of the same energy except 

t Webster, Clark and Hansen, ‘ Phys. Rev.,’ vol. 37, p. 115 (1981) ; Webster, Hansen 
and Duveneok, * Phys. Rev.,’ vol. 42, p, 141 (1932). 
t * Phys. Rev.,’ vol. 40, p. 731 (1982). 
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when this energy is nearly half the total availaUe. The low velocity electrons 
can be taken as ejected, the higher as scattered, whereas the intermediate ones 
we cannot yet discuss. With this assumption we now proceed to the an gular 
distributions. 



Fia. 6. — ^Velooity diitributiona of eleotrona of eloctrofiB ejected from hydrogen by eleotrone 
of vArious incident energies. 

/nssl. — Velocity distribution of ejected plus scattered electrons corresponding to 
electrons of 200 volts incident energy. 

(c) Angular DittrUnUiona.—Tha calculated angular distributions of ejected 
and of scattered electrons under conditions suitable for observation are given 
in fig. 7. We notice that the scattered electrons ate concentrated towards 
small angles, just as for excitation of P levels, whereas the ejected electron 
angular distribution has a maximum at the angle x given by 

jfc* + K* — 2hc cos X = k'*. (25) 

The maximum corresponds to the conservation of momentum. Apart from 
this maximum, the distribution deviates comparatively slightly from uniformity. 
In particular, angular distributions of all ejected electrons with energies 
lying in a range of some volts would be monotonic with a slow fall in intensity 
with increase of angle. 

These eharaoteristios of the angular distributions of scattered and ejected 
dectrons are in agreement with the observations of Tate and Palmer (loo. cU.) 
on the ioniiation of mercury vapour. Some of their curves ate illustrated in 
fig. 7 (inset). 
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Hughes and McMillen have observed the angular distributions of slow 
electrons resulting from ionizing collisions in hydrogenf and argon,;]; and these 
should be comparable with our calculations for ejected electrons. They 
find sharp maxima at certain angles, the distribution being otherwise fairly 
uniform. Although in certain cases these maxima might correspond to those 
arising from the formula (25), Hughes and McMillen find maxima at angles 
greater than 90® which could never be obtained from formula (25), It is 
possible that interference with scattered electrons is producing the effects, 
but it seems unlikely in view of the form of the velocity distributions in fig. 6. 
In a later paper we hope to discuss the interference effect in detail. 



FiOv 7. — Angular distribution of eoattered and ejected electrons corresponding to eleotront 
of 200-volt6 incident energy. A, scattered electrons with 176* volts energy; B, 
scattered electrons with 163- volts energy.; C, ejected electrons with 13 *6- volts 
energy ; D, ejected electrons with 0*86'Volt8 energy. 

Inset , — Observed angular distribution of electrons resulting from ionizing collisions 
of SO- volts electrons with mercury atoms. E, electrons with energies between 70 
and 76 volts ; F, electrons with energies between 0 and 35 volts. 


Section III, Discussion, 

Throughout this discuseioxi we will confine ourselves to the case of the 
excitation of singlet levels. In deriving formulse for the excitation probabilities . 
the wave function T, which is a solution of the wave equation for the complete 

t * Phyi. Key./ vol. 41, p. 39 (1932). 
t • Phys. Rev.,’ vol. 39, p. 685 (1932). 
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system of atom plus incident electron, is expanded in a series of atomic wave 
functions 

'J^ = (£»+/)«}'«(OI’,(r). (26) 

The suffix a denotes the aggregate of atomic electrons. It is shown that the 
functions satisfy the infinite set of simultaneous equations 

[V* + k/] F„ (r) ^ S n = 0, 1, 2. - - - , (27) 

where is the wave number of an electron which has excited the nth 

state of the atom, and is the matrix element of the interaction energy 
between the atom and incident electron with respect to the atomic wave 
functions 

To obtain approximate formulae for the asymptotic form of the functions, 
the assumption is first made of neglecting all scattered waves on the right side 
of relation (27), thus leaving only the incident plane wave e^*®* ** and the 
equation 

[V» + k/] F„ (r) = ^ e«“- 'Vo„. (28) 


This equation is immediately soluble and its solution leads to Bom’s formula 
which has been used throughout this paper. It is clear that it neglects all 
effects due to scattered waves. There seems no hope of including all such effects 
in the theory and so it is very important to determine which particular scattered 
waves are important at low velocities. The first thing to determine is whether 
it is necessary to consider any other states but the oth and the nth in discussing 
the excitation of the nth state. If we make the assumption that this is not 
necessary, we obtain the simultaneous equations 



' v« + p _ ^ Vo,] F, == F.V, 


(29) 


In paper II we aseumed that Vq^ is sufficiently small to solve these equations 
by successive approximations, starting Irom 

[v« + P-?^V,o]Fo = 0. (80) 


The inclusion, in this way, of the effect of the interactions V,,, did not 
improve the agreement with experiment at low velocities, and it was dear 
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that the matrices V«, were not of great Importance in determining the 
form of inelastic cross-section curves. The next stage, then, is to e x a m i ne 
whether an exact solution of the equations (29) would be likely to improve the 
agreement with experiment. In short, is it only necessary to regard the oth 
and nth scattered waves as “ closely ” instead of “ loosely coupled ? The 
experimental evidence does actually indicate that this may be so, for the impor- 
tant feature is that the calculated excitations for P levels become inaccurate 
at higher voltages than for D levels, and the D at higher than for S. Such an 
efFect would aeem to be connected with the matrices in particular, rather 
than the matrices associated with other states, and we would expect the 
deviations to appear first in the order given. This may be seen as follows. 

For the special case of exact resonance where A* = Vo® = th 0 
equations (29) have been solved by London.f He gives the cross-section for 
the 0 — n transition in the form 


Q-|,S,(2«+ (SI) 


where the phases > 3 ,, S, are determined by solving the equations 

[v» + ^ (V«, + V,, + V,..)] 5 » 0 

> 

[ v» + *» - (Veo + - V^)J » = 0 

In particular for small Vp„, V„„ and V,, 

> 1 . - = ikr)}*rdr, 


(32) 


( 33 ) 


and we obtain Bom’s approximation. From this special case we see that the 
potential acts as a scattering potential just as do Vqq and and the 
transition probability is measured by the phase shift which this field produoee 
on an incident wave. If this phase shift is large, Bom’s formula fails and gives 
too large a result. 

Wo now require to determine the conditions under which will have large 
scattering power and so produce large phase changes. It has been shown by 
Allis and Morset that the scattering power of a field may be taken as propor- 
tional to the integral 


t ‘ Z. Physik,’ vol. 74. p. 143 (1»33). 
{ ‘ Z. Phyrik.’ vol. 70. p. 047 (1981). 
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If the 0 — n tranaition is optically allowed, this integral is infinite, while for 
transitions associated with a quadrupole moment (D levels) it is much greater 
than for S — S transitions, as in the former case ^ Cr“* for large r and 
for the latter it vanishes as We therefore expect, if the neglect of this 
reaction between and F„ is the cause of the discrepancy between theory 
and experiment, that the accuracy of Bom’s formula for calculating the 
probability of excitation of various levels from the ground state will increase 
as one proceeds from optically allowed transitions to those with higher 
moments only (i.e., in the order P, D, 8 excitation) by analogy with the case 
of exact resonance. It therefore seems reasonable to expect the deviations 
in the observed directions. 

From the above point of view it is possible to form a physical picture of the 
collision processes which occur when the interaction is sufficiently stremg to 
render Bom’s first approximation inadequate. When this is so, we may regard 
the incident electron as making multiple collisions in the field of the same atom. 
Owing to the long range of the field Von the electron may cause a transition in 
the atom and lose energy in the process without appreciable deviation hnom 
its course. The electron has still to traverse a powerful field due to the same 
atom and may produce a second transition in the atom in which it reverts to 
its normal state. This superelastic collision will also take place in all prob- 
ability with little deviation. The result of these two collisions is to produce an 
electron which has lost no energy and is deviated only a little from its original 
course. Such electrons will have an angular distribution corresponding to 
inelastic scattering but a velocity corresponding to elastic scattering. Hence 
when such double collisions occur with sufficient frequency, the angular dis- 
tribution of elastically scattered electrons will become much steeper at small 
angles than that given by Bom’s first approximation. This is Just what has 
been observed at energies below 200 volts in helium.t Further, as the 
inelastic collisions can take place at greater distances than the elastic, we expect 
the effect of these double collisions to result in a decrease in inelastic scattering, 
accompanied by a corresponding increase of elastic scattering, a number of 
otiginaUy inelastically scattered electrons making superelastic collisions before 
leaving the atomic field. To a rough approximation, neglecting interference 
effects and Jumps to intermediate levels, the total cross-section for all collisions 
should be unaltered. This is actually the case, for we found that below 100 
volts in helium Bom’s formula predicts too large a probability of ionisation 
(see figs. 4 and 0), but too small a probability of an elastic collision. Actually 
t HughM and MbMUlsn, * Fhys. Bev.,' voL il, p. 1S4 (1032). 
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in Table II we did not separate tbe elastic and discrete inelastic collisions, but 
we have evidence from two independent directions that the calculated elastic 
cross-section is too small, and all inelastic croes-sections too large. The first 
of these is derived from comparison of observed and calculated cross section 
velocity curves discussed above. Secondly, Hughes and McMillen (toe. cit.) 
have shown by relative measurement of the angular distributions of electrons 
scattered elastically in helium that the calculated curves predict too little 
scattering at both small and large angles. 

FinaUy, we are able to see clearly what diffraction effects are to be expected 
in inelastically scattered electrons. On the above picture, the inelastic 
collisions which take place at large distances from the atom will result effectively 
in beams ’’ of electrons which have lost energy but which are otherwise inci- 
dent in the atomic field just as the incident beam. These electron “ beams ” will 
then be diffracted by the field of the excited atom just as the incident beam is 
by the field of the normal atom. If the energy loss is small compared with the 
energy of incidence, the diffraction effects produced in the “ inelastic beams 
will closely resemble those produced by the incident beam and will be almost 
indistinguishable from those produced by the second double process in which 
the incident beam is diffracted by the field of the normal atom, and the 
diffracted beams make inelastic collisions without appreciable deviation. When 
the energj’^ loss is comparable with the energy of incidence, the two sets of 
diffracted electrons which have lost energy will interfere strongly, and little 
resemblanoA' between the angular distributions of the elastically and inelastically 
scattered electrons is to be expected. All these conclusions are in agreement 
with experiment. The above picture of the collision is admittedly incomplete, 
but seems to represent adequately the main phenomena occurring. 

Summary, 

In this paper, inelastic collisions of electrons with helium — ^including ioniring 
oollisionB — are investigated in considerable detail. A critical survey of the 
experimental material in the light of the calculations is given, and the range of 
Bom’s first approximation is fixed. All deviations from the formul® derived 
from this approximation are explained, at least qualitatively, and it is found 
possible to develop a simple physical picture involving double collisions with 
the same atom which accounts for a number of observed collision phenomena. 
Among these are included the form of optical and X-ray excitation functions, 
and the diffraction of inelastically scattered electrons. 
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By K. C. French. 

(Communicated by G. P* Thomson, P*R.S. — Received December 21, 1932.) 

[Platm 7-9.] 

The burmsbing and rubbing of a metal surface to give it a smooth shiny 
finish is often used to give metal ware, jewellery and pieces of apparatus a 
better appearance. This is called polishing and is done by abrazing and then 
finishing by rubbing with a soft, fine powder. Abrazion usually removes thin 
layers off the surface by taking out many small pieces of the metal. The sharp 
grains of the abrasive cut numerous small pieces out of the surfaces and work 
the surface down roughly to the desired level. The higher degree of polishing 
works the surface mechanically without removing much of the metal itself. 
When lastly a soft, fine powder is used, made into a very wet paste, this 
polishing material remains uncontaminated after having been rubbed on the 
metal continuously. A well-polished surface has the same colour as the rough 
metal had originally but the glassy finish reflects so highly that no structure is 
seen with the eye. It is difficult to describe the surface of a polished metal 
but Professor Flinders Petrie aptly describes it as having a ‘‘ wet lustre.** 
The microscope usually shows scratches left from the polishing which look like 
gently rounded furrows. Sir G. T. Beilby made a scientific study of polished 
surfaces with the use of a microscope and it is in supplement to his work that 
these experiments have been done. Beilby noticed in the final stages of polish 
that the surface appeared to flow and acted like a film to cover over scratches 
and pits and give a glassy finish. 

This film is called the Beilby layer and has the appearance of a super-cooled 
liquid. During intermediate stages the parallel edges of a scratch in the 
surface could be seen to be drawing together and at points had come together 
and bridged over the furrow. Afterwards the film, which covered the scratch 
completely and hid it, could be removed by etching and the scratch would 
appear as it looked originally. The mechanical working of the metal to make 
it flow, moves the surface very much in relation to the greater portion of the 
metal underneath and is a kneading and twisting of the metal on the surface* 
In the following experiments pieces of copper, silver, gold, and chromium of 
1 X 1 - 6 X 0-6 cm. size were used as different test metals. They were worked 
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on different grades of emery paper and with polishing powders, and electron 
diffraction pictures were taken at different stages of polish to notice changes 
in the crystal structure. 

Appo/rcUm, 

The electron camera* is particularly useful for investigating these mechani- 
cally worked surfaces as the electrons have a small depth of penetration not 
more than 10"* cm. and so confine themselves to the topmost surface layer. A 
fine beam (0*23 mm. diameter) of electrons is selected from a cold cathode gas 
discharge tube of which the voltage depends on the ‘‘ hardness of the vacuum 
of the discharge tube. The electrons hit the surface of the specimen at a small 
angle and because of their wave-length X hjmv (De Broglie) and the crystal- 
line nature of the surface are diffracted along selected angles 6 given by 
nX === 2d sin 6 (Bragg). A photographic plate set at right angles to the incident 
beam is exposed to the beam of diffracted electrons. The spacings between 
crystal planes in the specimen are found by the use of the above formulas 
and geometry of the camera. 

d = X 10-» cm. (1) 

z vV 

d, spacing of planes ; L, distance from specimen to plate ; z, distance of point 
on plate from centre of undeviated beam ; V, voltage of disohaige. 


Theory. 


It was found that tbe sharp rings given by a polycrystalline surface became 
blurred if the surface were polished 

I. — This codd be explained by the breaking up of the large crystals into 
smaller crystals by the action of polishing. For X-rays Scherrerf dedttoed 


the formula B 


KX 


D (cos e^2) 


by which the width of the rings depends on 

2 * 


/ 2 * 

the crystal size. B, half intensity breadth of ring. K » 2 (log -j. D is the 


length of one edge of the crystal, assumed a cube. Og » Bragg angle. As 
the wave-length for high speed electrons are comparable with that of X-zayi, 
the above formula might be applied for electrons. 


* Thomson and Fraser, ‘ Proc. Roy. Soo.,* A, vol. 128 (1820). 
t ' Naohr. gee. Wise. p. 190 (1918). 
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II. — ^If the poliahing were so severe as to reduce the crystals infinitely, the 
polished surface would be a mass of the atoms in no orderly arrangement. The 
atoms would not be evenly spaced as in a crystal lattice, but two atoms could 
only approach each other to a common distance of separation after which the 
two would “touch,*’ This limiting distance of approach would predominate 
in large collections of these atoms displaced from their positions in the crystal 
lattice and so evince a degree of orderliness. Wierl* gives a formula for such 
a semi-orderliness of gas molecules. For equal atoms this becomes 


I r= 24 ^*^! I, intensity of diffracted electrons. 4* atom form 
factor. X distance between two atoms. If 4 ^ is constant 


maxima will occur for I = 7-725, 14-066, etc., which will show as rings on the 
photograph. 

To allow for the variation of 4^ with sin 6/X, I — 24 ^* was plotted 

against sin 6/X. ^ was obtained from the X-rays values of the atom form 

factor corrected to make it suitable for eleetrons.f In the formula for x the 
value of 8q was taken as the closest distance of approach of the atoms in the 
crystal according to X-rays. The percentage difference between the maxima 
on the graph and the maxima of the photographs for each metal was found 
and the chosen value was changed by this amount to give $ the closest 
distance of approach of the atoms in the polished layer as found by experiment. 


Refra/dive Index. 


From Somerfeld’s theory, the inner potential of most metals is of the order 
of 16 volts. As the potential outside the metal from where the electrons are 
coming is zero, and the potential inside the metal is positive, there will be a 
refractive effect at the boundary of these two media. The electroiis will be 
bent towards the normal to the surface where they are incident. The index 


of refraction 



4) = inner potential of the metal and 


P sw the velocity of incident electrons in volts, so that \l is slightly more 
than 1. When the electron beam is incident on an ordinary surface composed 


♦ ‘ Ann. Physik,’ vol. 8, p. 621 (1931). 

t G. P, Thomson, ‘‘ Wave Meobanies of Free Electrons,” p. 118 (1923). 
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of lumps as in fig. 1 the glancing angle is quite large and since [a is little more 
than 1 the refractive effect mil be negligible. For a very flat surface with no 
projections on the surface more than a few atoms high, the effect of the refractive 
index would appear. 



Fio. 1. 


jBecause of the small angle which the electrons make with the suxhce, the 
refractive index would take more effect just as a refracted ray of light is bent 

more when the glancing angle is small ^Buell’s formula = pj . 

The diffracted electrons make a curve on the photographic plate. In the 
absence of the refractive effect the curve is a circle B as in fig. 2. 



Fio. 2. 


Its equation is 4- (5 + E sin «)* = B* tan* 20 the intersection of a cone 
by a plane. 

and ^ ate the co-ordinates of the points on the plate in xefetenoe to the 
origin 0. 


PoUeh on MekUs. 641 

MN is the Hue of the shadow made on the plate by the edge of the specimiHi, 
and 

E — length between the specimen and plate, 
a = angle the incident ray makes with the crystal face. 

0 — Bragg angle. 

For the electrons undergoing refraction the curve on the plate would appear 
like R' with the equation ^ + E sin P)® = R*tan* 26.* 



The plane OZY is the surface of the crystal upon which the ray of electrons 
01 is incident. 

01 makes an angle a with the axis OY in the plane XOY. 

The refracted ray 01 makes an angle p, where p cos p = cos a 

(X — refractive index. 

0 as |JL* — 1. 

The centre of the ring would be displaced to p’ by an amount = E sin p — 
B sin a, and points on the ring would be displaced similarly. In addition all 
points are drawn towards MN, points towards the ends of the ring being 
affected more than the central points so that the rings would become U-shaped 
instead of arcs of circles. For single crystal patterns of spots the spots would 
be elongated. 

MeAod and BeauUs. 

All emerying was done on blue-back emery paper held in a hand polishing 
board which has a plate glass top over which the paper is held tight by rollers 
at either end. During the rubbing the paper and specimen were kept wet by 


* G. P. Thomson, in oowrae of ptMieotian. 



« isontinuoiis dribble of bensene to kec^ ^ idMNibre rbUing {rec^:4il1ll^^ 
Rtkkmg into the metal surface. l%e diSereot {pcades of emery 
with the coarsest No. 1 then No. 0, No. 00, No. 000 to the finesd No. 0000* ? 
In working the specimen from No. 0 grade eBHBcy to No. 00 for ettmi^,, 
block was rubbed on No. 0 in one direction until all pits were remoued and ^ 
marks made by the emery were all running in one direction. The iqwoisum 
was rotated 90° and rubbed in that direction until tbe marks of the No. 0 
had been obliterated by the rubbing on No. 00 in the new direction. ![%»(» same 
procedure was followed in bringing the specimen through No. 000 and Nb; 
0000 grades. By rubbing new emery paper with a piece of the same grade 
emery paper, liigh points were worn down and the surface assumed mere 
uniformity for abrasion. Scratching was the difficulty in bringing a spemnum 
to a smooth finish and it was always better to return to a coarser abrasive 
to obliterate the scratch than to continue with too fine an abrasive. The 
sludge washed down by the benzene contained emery and bright spedcs of 
the metal and was formed for all grades of emery and all metals. Under the 
microscope the emery had caused many farrows, some running parallel and 
many running into each other at very small angles. There did not appear to 
be any points or pits where the emery had taken out small pieces, this suggests 
that small cuts of the metal had been shaved off or that any gouges of metal 
taken out were small and had more length than depth. 

Copper . — A 1x1 cm. section was cut with a hack-saw from a copper bar. 
Tbe surface of the hack-saw out was filed fiat with a “ dead smooth ” file and 
washed in absolute alcohol. An electron difiraction picture was taken of 
this filed copper surface. The surface was irregular from the file Bwsks and 
nseessitated the specimen being set at a large angle so that it was impesefide 
to obtain the first two rings of copper of the (111) and (200) ;Japee, 
lartore taken showed clearly the (220) and (331) rings of copper. ThespeenNA 
was etched in dilate nitric acid for a few seconds mul a picture taksn. ’ Tbo 
gboye two rings appeared and were more intense than the rings gbron ky tba 
original unetohed copper surface. Both the unetched and etched 
pictures indicating the normal crystal structure of copper. The dbtadfog 
the surface of the unetohed block had not broken all the copper oryddb iadia 
pfooes BO small as to be unable to give the normal crystal strucdwra bf v bc^^ 
Ttw sharper rings given by the etched enrfooe indicated there i 
^ broken into very small pieoeB the abrading action. flwM^ 
pieoes of crystal would tend to Idur the rings given by larger oryBtakE,‘^ ' 

) #«tfd remove the matMial cauring tlis idniriitg and so sharpen ^ 
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The copper block was rubbed to a flat flixieh on No. OOOO, etched in dilute 
hydrochloric acid, washed in absolute alcohol and an electron difiraction 
picture taken, fig. 4, Plate 7. The picture showed rings with parts of rii^ 
darker than others indicating the copper block to be polycrystalline but made 
up of large crystals. A perfect polycr 3 rstaUine substance shows rings having 
uniform darkening throughout the ring while large single crystals show 
individual spots lying on rings. This copper block, a piece of commercial 
copper bar, had a crystalline structure between the two. Copper being a face 
centred cube the rings corresponded to reflections from the (111), (200), (220) 
and (311) planes with the rings appearing in that order from the central spot. 
These rings were the chief ones used to identify copper during experiments. 

Taking the size of the unit cube as 3-60 X 10~* cm. the spacings were 
calculated and compared with tho.se observed by electron diffraction photo- 
graphs. The spacings given by a specimen plate are shown in Table 1. 


Table I. 


Plano of 
reflection. 

t Calculated. 

Obuorved. 


cm. 

cm. 

(Ul) 

2 08 X 10-* 

2' 12 X 10" « 

200 

I Hl X 10-' 

1-81 X 10~* 

220 

1'28 X l0-» 

1-30 X 10‘» 

311 

108 X 10 • 

1 00 X lO"* 


For all metals observed the spacings compared as well as the above with the 
accepted calculated spacings. 

A voltage change occurring during the exposure was shown by a change in 
the spark gap reading taken before and after the exposure. Plates taken under 
these variable conditions were not used. 

The same etched copper block was rubbed on No. 000 emery in one direction, 
turned through 90*^ and rubbed in the new direction until the markings of the 
first emery had been obliterated. The block was rubbed on chamois usii^ a 
fluid commercial polish known as Blue Bell. The specimen was washed in 
alcohol and a picture taken, fig. 6, Hate 7. The rings of the (111), (200), 
(220) and (311) planes had broadened and lost their sharpness. 

An etched copper block was rubbed on No. 0000 emery and rubbed in 
addition on wet rouge and chamois, giving a smoother appearance than the 
previons finish with Blue Bell, A picture was taken, fig. 6, Hate 7, showing 
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the (111) and (200) rings merging into one broad ring and the (220) and (311) 
rings merging into another similar broad ring. 

Thirty minute decanted emery powder was washed in water several times, 
poured over duplicating paper and allowed to evaporate until just moist. A 
copper block finished on No. 0000 emery was rubbed on this moistened finer 
grained emery paper until the No. 00(K) markings were obliterated. The 
specimen was washed in alcohol and a picture taken “A/* fig. 7, Plate 8. 
Only two very broad rings appeared, the spacing of the inner ring was 2 '26 X 
10*® cm., the outer 1 *22 X 10 ® cm. Two additional pictures were taken B 
and C,” which were similar to “ A.'* The radii of the broad rings of the 
three photographs were measured with dividers and by a recording micro- 
photometer, The readings taken by both methods agreed closely so that 
measurements thereafter were only done by eye. 

A copper block finished on No. 0000 emery was nibbed on chamois and rouge 
with a quantity of water. The No. 0000 markings were obliterated by this 
rubbing and a picture taken. Again only two very broad rings appeared with 
spacings 2*33 and 1'30 X 10^* cm. 

Silver,~A piece of pure silver was obtained and treated in the same three 
ways as the copper specimen above, except that after the rubbing with Blue 
Bell polish and chamois the specimen was rubbed in addition on chamois and 
magnesium oxide (a soft, light, powder) and water to give the surface a better 
degree of polish. In all cases the pictures of the polished silver gave two broad 
rings similar in appearance to the rings given by iiolished copper. The first 
ring of |>olished silver corresponded to a spacing lying between the (110) 
and (200) spacings of silver. The second broad ring was near the (331) spacing 
of silver. All polishing was done with the polishing media quite wet. 

To obtain a picture of a specimen polished by another method the silver 
block was polished by a leading optical instrument company. A picture of 
the specimen showed the ordinary rings of the (111), (200), (220) and (311) 
planes of silver instead of the two smudgy rings given previously by polished 
specimens. But besides these rings there was an extra ring which fitted the 
spacing of iron oxide (rouge) with which the specimen had been polished. 
With the eye alone the surface seemed very highly and smoothly polished but 
under the miorosoope using a l/12'-mch immersion objective there appeared 
many dark patches probably of imbedded rouge. With the microscope showing 
a patchy and contaminated surface and the pictures showing a ring well 
resolved yet not due to silver the polished silver was rejected as not bring a 
characteristic polished surface. 
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A copper specinien was similarly contammated by allowing the rouge paste 
to bei^ome almost dry during polishing. The rouge particles not being free to 
float around during polishing were probably forced into the metal to become 
imbedded there. The block was swabbed with cotton lint and alcohol and a 
picture taken. An extra ring apj>eared lying between the (200) and (220) 
rings of copper. 

Chromium , — Some pieces of chromium for alloying were chipped along the 
cleavage planes and ground to specimen size. The chromium was in large 
crystals. The metal was hard and brittle and took a high polish of a bluish 
tinge. It was not easily abraded on the emery paper but the markings from 
the coarse emery were shiny and had a flow appearance. 

A block of chromium was rubbed on No. 0 and a picture taken which showed 
two smudgj’' rings. Another block of chromium was finished on No. 0000 and 
a picture taken which showed a similar pair of smudgy rings. The same 
s|>ecimen was rubbed on decanted emery and duplicating paper which reduced 
the sharpness of the No. 0000 markings into gentle waves. The block was 
again rubbed on No. 0000 and was harder than before. It was difficult for 
the No. 0000 to make any impression on <he surface. As the finish became 
smoother from the mechanical working, the surface became harder. A picture 
was taken showing two smudgy rings. The block was etdied in cold con- 
centrated hydrochloric acid and a picture taken. The picture showed a 
number of single spots regularly placed indicating the chromium block to be 
a single crystal. 

Also two photographs were taken of a polished stainless steel mirror classed 
in the tables as iron. This also gave two broad smudgy rings. 

Gold , — ^A block of 24 carat gold was rubbed on No. 0000 emery. The gold 
was very soft and the emery made deep markings. * The block was rubbed 
with light magnesium oxide on the forearm with water. This rounded the 
edges of the furrowed emery markings but was not enough to make them 
disappear entirely. A picture was taken showing only two broad rings, fig. 7, 
Plate 8. 

The polished surface was etchcnl in aqua regia for 20 seconds and under a 
magnifying glass did not appear to have been etched. A picture taken showed 
the two smudgy rings not so intense and other broad rings on the plate beyond 
these first two. The block was etched one minute ia addition by holding the 
polished surface in contact with the surface of a pool of aqua regia. There 
was still no visible effect of having been etched but the picture taken showed 
first broad ring faintly resolved into the (III) and (200) rings. The 


2 u 2 
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second broad ring was replaced by the (220) and (311) rings fully resolved. 
The gold block was etched for an additional 3| minutes and a picture taken 
showed the normal (111), (200), (220) and (311) rings clearly. The increase 
of the resolution of the rings increasing with the amount of etching shows that 
the crystals at an appreciable depth from the surface are reduced in Bize by 
the mechanical working of the surface during polishing. 


Table 11. 


1 

1 

Cu. 

< 

Au. 

O. 

j Fe.* 

»in 0 

Calculated values of — — 

cm. 

cm. 

i 

cm. 

cm. 

' cm. 






(Graph) 

Ist maxima i 

0-223 X 10-* 

0-210 X 10* ' 

0 -210 X 10-» 

0-223 X 10 « 

0-223 X 10 • 

2iid maxima 

0'420 >: 10-* 

0-380 X 10 • 

0-380 X 10* 

0-420 X “ 

0-420 X 10-* 

, , sin ^ 

Observed values of —j 






(Photographs) 






1st maxima 

0222 X 10-* 

0-221 X 10 -• 

0-214 X 10* 

0-212 X 10--» 

0-201 X 10-* 

2nd maxima 

0-390 X 10-* 

0-401 X 10-* 

0-388 X 10-* 

0-386 X lO**® 

0-378 X 10-* 

Closest approach of atoms — 

For 1st maxima 

2-56 X 10'* 

2 -83 X 10 * 

2-82 X 10"* 

2-fil X J0-» 

2 -74 X 10-' 

For 2nd maxima 

2 -66 X 10-* 

2-72 X 10-* 

2-82 X 10~* 

2-63 X 10-* 

2-78 X 10-* 

In orystal (by X-rays) 

2*54 X 10-* 

2-87 X 10-* 

2-88 X 

2-60 X 10'* 

2-48 X 10-* 


* Stainleus atcel mirror. 


Healing of Polished Layer. 

It was thought that the layer of -polish might b<" a mixture of the metal and 
the different polishing media used. To test this the polished gold specimen, 
giving a picture of two broad rings, was annealed in an open-ended pyrez 
tube in an electric furnace. The heating in the furnace was a gradual increase 
in temperature from 670“ to 640“ for 40 minutes after which the specimen was 
plunged into a beaker of cold, distilled water. After the heating, the surface 
of the specimen was not so polished but still had a “ mirrored ” appearance. 
There were about twenty slightly flashing areas indicating the presence of 
large crystals. A picture was taken showing the two broad rings resolved 
into rings of the (111), (200), (220) and (311) spacings of gold and no extra 
rings other than gold appeared. In addition to the rings, and positioned on 
the rings, were elongated spots diffracted from the large crystals of gold made 
by the heating. 
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The gold specimen was repolished on chamois with light magnesium oxide 
and water and with decanted chromium oxide and water. The polishing 
brought into relief some of the twenty large crystals formed by the previous 
heating. Probably the surface flowed more rapidly from the crystals having 
the weak planes nearly parallel to the surface than from the crystals which had 
strong planes nearly parallel to the surface. Looking at the surface with a 
magnifying glass, after the polishing, there were certain areas slightly in relief 
but there was no appearance of crystalline structure only a shiny continuous 
surface. A picture was taken and showed two broad rings but in addition 
there were faint diffuse rings further out on the plate. The block was heated 
near the melting point 1063° to form single crystals in the block. It was kept 
between 950° and 964° for 64 minutes, then cooled from 964° to 938° in 20 
minutes (—1 -3° per minute) ; cooled from 938° to 900° in 30 minutes (—1 *27° 
per minute) ; cooled from 900° to 860° in 20 minutes (—2° per minute) after 
which the current was turned off and the furnace allowed to cool overnight. 

The surface had kept the polished appearance to a marked extent and there 
were eleven flashing areas indicating the formation of crystals from the heating, 
A picture was taken and showed elongated spots lying on rings corresponding 
to the spacings for gold. 

The polished silver specimen which gave a picture of two broad rings waa 
similarly heated below its melting point of 960°. It was heated for 5 minutes 
at 310° and plunged into a beaker of cold distilled water. A picture of the 
specimen was taken and the rings of the (111), (2(X)), (220) and (311) were 
faintly resolved. No single spots appeared but the (220) ring was orientated. 


Polishing of Single Crystals, 

Copper , — A piece of a single copper crystal rod was cut and mounted in a 
block of Wood*s metal. It was abraded down to a flat surface and alternately 
abraded and etched until it gave a regular pattern of single spots characteristic 
of a single crystal. The copper piece was lightly pressed with the fingers on 
No. 0000 emery wet with benzene and rubbed in one direction for 200 strokes 
of about 10 cm. in length. The specimen was similarly rubbed in a direction 
at right angles to the previous rubbing. 

A picture was taken showing the ordinary (110), (200), (220) and (311) rings 
sharply defined and no single spots were on the photograph. The single 
crystal surface liad been broken up by the mechanical working on the emery 
into a polyorystalline mass. 
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The specimen was re-etched and rubbed on chamois, absolute alcohol and 
water in one direction. The surface had a flashing etched appearance but the 
edges were shiny and polished. A picture was taken which showed the (110), 
(200), (220) and (311) rings clearly, with the (311) ring orientated. The 
copper was re-ef ched and rubbed on the foreann with water for 200 strokes of 
3 cm. length. A picture was taken showing the single spots in their original 
positions but part of an arc had formed going through two of the spots and a 
faint broad ring was ap|>earing near the positions of (110) and (311) rings. 

The copper appeared to be too soft for just small amounts of the single 
crystal to he moved during the polishing. Large pieces of the single crystal 
were twisted or broken from the single crystal mass so that the surface became 
polycrystalline before it gave pictures showing two broad rings. 

Chromium , — The chromium block consisting of a single crystal was re-etched 
and the picture showed a pattern of regularly placed spots, fig. 9, Plate 9. 
Successive pictures were taken after successive stages of polishing done on 
chamois with decanted light magnesium oxide and water. After the first 
light polishing eaiih spot showed a faint elongated shadow beginning from the 
spot and lying inwards towards the edge of the plate and two faint broad rings 
become visible near the positions where the (110) and (220) rings should lie, 
fig. 10, Plate 9. As the polishing progressed two additional spots appeared 
and increased in intensity. Three spots of the original pattern remained of 
good intensity during the polishing while others of the original pattern became 
fainter and disappeared. After 3800 strokes all the spots disappeared and 
were replaced by two broad rings given by the polished metal. The shadows 
or elongations of the spots never extended above the spot, only below it, the 
dark centre of the spot remaining in the same position. The two broad rings 
became more intense at the expense of the fading of the greater number of 
spots. 

The two spots given in addition to the regular pattern after polishing must 
have been reflected from a new set of planes brought into being by the polish* 
ing. The force of the rubbing must have twisted some of the standing pyramids 
of the single crystal surface so that there was a slip along a selected plane to 
cause twinning. As the amount of polish increased more twimiing occurred 
and the new spot from the increased number of twinned crystals became 
stronger. 

Condmum and Di$omsion, 

The rings given by etched metals were sharp and showed the ordinaiy 
spacings of the planes in the crystals. The broadening of these rings as the 
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poliKhing was increased and their final replacement by two broad rings was 
considered to be a strong indication of the formation on the surface of an 
amorphous or Beilby layer resulting from the polishing action. The polishing 
was thought to reduce the size of the crystals and finally displace the atoms 
from their arrangement in the crystal lattice to a new spacing corresponding 
to the separation of the atoms by a common distance determined by the size 
of the atoms. 

The broadening of the rings was probably owing to the reduction in size 
of the crystals ( aused by the polishing, so decreasing the resolving power of 
the crystals as to broaden the ririgs. Randall and Rooksby* show a series 
of X-ray photographs beginning with graphite and extending through 
amorphous carbons. The photographs show a transition beginning with well 
defined lines for the (001) and (002) sf)acings, and at the end these lines are 
broad and diffuse with the (002) spacing increased by a greater amoimt than 
the amount of decrease in the (001) spacing. However, they believe the most 
amorphous t^arlKui to be really crystalline and they consider the surfaces of 
the polished metals in these experiments similarly to be crystalline. 

The spacings of the two broad rings of a well polished surface usually differed 
from the spacings of the crystal structure and were not equal to a mean spacing 
given by the blurring together of two rings given by the crystal structure. 
The spacing of the first brood ring of the ix)lished surfaces of copper and 
chromium was larger than the spacing of the first ring given by the crystal 
structure. A new arrangement of the atoms would be necessary for this as 
just a broadening of the (111) and (200) rings for copper to give a single 
smudgy riug would give a ring with a spacing between the (111) and (200) 
spacings. Similarly the spacing of the first broad ring for polished chromium 
is larger than the mean spacing of the (110) and (200) rings. For copper and 
chromium using the formula for a random arrangement of the atoms as in a 
gas the spacing between the two atoms is found to be larger than their spacing 
in the unit crystal cell. The broadening of the (111) and (200) rings of gold 
would not give the large spacing of the first broad ring of polished gold. The 
spacing of the first broad ring of silver lies between the (111) and (200) spacings 
of the crystal structure. Perhaps in this case small crystal aggregates persist 
in spite of the polishing, and the spacing of the broad ring is an average of the 
(111) and (200) rings blurring together. However, the atoms of silver (when 
in the liquid state) might have this mean spacing of the (111) and (200) rings. 


* Xature,’ vol. 129, p. 281 (1932). 
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Randal] and Rooksby,* in another paper, by the use of X-rays find maxima 
for liquid metals of low melting points. The first maxima for liquid potassium, 
rubidium, and caesium are larger than the first maxima in the ordinary crystal 
structure, while for liquid sodium the spacing Is slightly smaller than the first 
maxima of the crystal structure. 

Stewart and Morrowf using X-rays find the first maximum of liquid lauryl 
aU'ohol to be larger than that for the solid. Stewart suggests that the atoms 
in the liquid state assume positions approximating as closely as possible to 
the arrangement of the atoms in the crystal structure. This predicts that the 
first maxima for the liquid will lie close to the first maxima for the solid. 

The polished surface was considered to be uncoutaminated as the finished 
surface was photographed after being washed in different liquids such as 
benzene, absolute alcohol, and water with the two broad rings remaining the 
same. Similarly there was no difference in the spacings or character of the 
rings using different polishing materials such as rouge, magnesium oxide, 
de(!anted emery, and Blue Bell, a liquid commercial polish. 

Boas and SchmidtJ took some X-ray photographs of polished surfaces. 
They found that the single crystal surface was distorted into a polycrystalline 
surface from the action of polishing but did not find broad rings. Since X-rays 
have a great power of penetration the difcaction caused by the surface would 
l>e small in comparison with the diffraction caased by the underlying material. 
If the underlying material were not completely broken up, the diffraction from 
it would predominate over the diffraction from the surface layers. 

The theory on p. 688 may be used to calculate from the width of the rings 
the number of unit cubeji in an average crystal, while that on p. 639 gives the 
effective distance between scattering atoms. To C/ompare the two theories it 
is interesting to calculate the number of unit cells which on the crystal theory§ 
would give the width predicted by Wierl’s curve. It is found to l>e about 
two unit cells. The random distribution of WierFs theory wotild thus account 
for the new spacings of the bn)ad ritigs. But an aggregate of small crystals 
of a few unit cells in one dimension would also give rings of the same degree 
of broadness, and because of the smallness of the crystals there might be a 
difference in the spacings given by these crystals. This might account for the 

• ‘ Nature/ vol. 130, p. 473 (1932). 

t ‘ Phy. Rev./ vol. 29, p. 919 (1927). 

t ‘ Naturwise,* vol. 27, p. 410 (1932). 

§ In calculating M from the width of the rings of the photographs, the geometrical width 
was neglected as it was small. This would cause a slightly larger value for M in the 
tables. 
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new spacingB of the broad rings. The two theories rather supplement each 
other, and they both support the view that the material of the polished layer 
is in a finely divided state. If crystal structures are present they are in small 
aggregates of a few unit cells and there is the strong possibility of the presence 
of atoms arranged at random as in a liquid. Some of the preceding results are 
summarized in Table III. 


Table III. 



("loHtwt distance of approa(?h of atoms. 

M. length of 
side of average 
cryHtal from 
priotographs. 

Hy experiment. 

By X-rays in crystal. 


cm. 

cm. 


Ou 

X 10 ' 

2-54 X l0-» 

31 

Or 

2-56 V 10 « 

2-50 X 10-* 


Au 

2-83 X 10 • 

2 -88 X 10 • 

3-4 

H 1 

2-73 X 10" 

2-87 X 10-* 

3-6 

Fe* 

2 t»ti ’ iO » 

J 

2-48 X 10-“ 

1 

3-9 


* Poliished Htainlesa steel nurmr. 


Professor Kirchnerf suggests that the broadening of the rings can arise 
from the levelling of the surface, and is not dependent on the reduction in 
crystal size. An ordinary surface is usually uneven so that the electrons 
penetrate through the small lumps and are difiracted as shown by Thomson, t 
This is shown in fig. 1 where the lumps of crystal act as a difEraction grating, 
if the surface were levelled as in fig. 2 the penetration of the electrons into the 
surface would be smaller than before ; and the electrons would be diffracted 
by a smaller number of series of planes corresponding to a smaller length of 
ruled lines of a diffraction grating. This would cause the electrons to be less 
precisely diffracted, because of lower resolving power, and so the rings would 
become diffuse. 

But if the surface is to be considered so level it would seem as if the effect 
of the refractive index would appear. This would cause the ends of the rings 
to be drawn inward toward the central spot, making them U-shaped instead 
of arcs of circles. In fig. 3, which is to scale, R is a ring of 0 • 5 cm. radius and 
R' is the effect of the refractive index on the ring with 0 — 15 volts and P = 
30,000 volts. The broad rings given by the polished surfaces were found to 

t * Nature,’ vol. 129, p. 545 (1932). 
t * Proc. Roy. Soc.,’ A, voi. 128, p. 750 (1930). 
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be arcB of circles so far as they could be tested by comparison of radii taken at 
different points. It was found that the surface did not have to be very smooth 
to give the smudgy rings, as a specimen finished on No. 0000 emery gave the 
two broad rings. 

Murison, Stuart and Thomson* found both sharp and diffuse rings for mirrors 
formed by spluttering platinmn films on glass. The surfaces were smooth for 
both kinds of rings, and the surface giving the sliarp rings gave the better 
specular reflection. None of these rings showed any effect of the refractive 
index. 

The elongation of the spots of the annealed polished gold block, and of the 
polished chromium single crystal must have been caused by the effect of the 
refractive index. The elongations were not sharp enough to measure and so 
compute the inner potential of the metal, but the direction inwards of the 
lengthening of the spots was the right way for a positive inner potential as 
for gold and chromium. Also the elongations were all parallel inwardly and 
not radially which would have been caused by a change in voltage during 
exposure. 

1 would like to express my appreciation to Professor Thomson who proposed 
the subject of the research, supervised the investigations and gave many 
valuable suggastions. 

Summary, 

The structures of polished surfaces of copper, silver, gold and chromium were 
investigated by electron difEraction using cathode rays. 

The results show that highly polished surfaces are almost amorphous, in 
confirmation of the Beilby theory. 

In some cases the distance apart of the atoms in the surface differed appreci- 
ably from that in normal crystals. 

Reasons are given for concluding against Professor Kirchner’s view that the 
polishing was only a levelling of the crystalline surface. 

Single crystals of copper and chromium were also investigated and the 
breaking up of the structure under mechanical working was observed. 


♦ * Nature/ vof. 129, p, 545 (1982). 



653 


Phenoniem Occurring in the MeUmg of Metals. 

By W. L. Webster, Ph.D., Clerk Maxwell Scholar of Cambridge University. 

(Comraumcated by P. Kapitza, F.R.S. — Received December 23, 1932.) 

1. ItUrodticiimt. 

The problem of the nudting and solidification of pure substances has, in the 
last few years, been given a considerable* amount of attention, owing to the 
importance of th(‘ study of the physical properties of single crystals. Experi- 
mentally, great advances have been made in the development of methods of 
growth of single crystals and in our knowledge of their physical properties, 
and this work has yielded a considerable amount of information about the 
nature of the solid litjuid transition. 

For metals, at least, there is ample evidence to show that this transition is 
not alwaj^ a simple one occurring at a sharply defined temperatim*. In the 
solid state, the metal can show a gradual vhangv. of some of its properties as 
the temperature is raised towards its mtdiing point when*, without discon- 
tinuity, it acquires the charact<‘ristics of the molten metal. For example, 
Roberts,* and Goetz and Hergenrotherf have shown that the bulk linear 
coefBicient of expansion of bismuth begins to decrease anomalously 20^-30° C. 
below the melting point. Carpenter and Harle J have found that in this same 
region the specific heat of bismuth increases anomalously. These results 
suggest that as bismuth is heate*d some fundamental characteristic of the solid 
state is disappearing, and latent heat of melting is absorbed long before the 
actual melting point is reached. Further, after tlu^ conventional melting 
point had been reached, Carpenter and Harle found that with further increase 
of temperature the specific heat decreased in contradiction to the normal 
behaviour of molten metals, suggesting that the process of melting did not 
finish at the melting point. 

Soroos,§ who measured the variation of thermo-electric power with tempera- 
ture in bismuth, also found that the transition between the solid and Uquid 
states was spread over a considerable temperature range above and below the 
conventional melting point. 

♦ ‘ Proc. Roy. Soo.,’ A, vo2. 106, p. 385 (1924). 
t ‘ Phy«. Rev.; vol. 40, p. 643 (1932). 
t ‘ Proc. Bey. Soc./ A, vol. 136, p. 243 (1932). 

$ ‘ Phys. Rev.; vol. 41, p, 516 (1932). 
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As the structure of bismuth is imusually complex, there is a j)088ibility 
that the results described are due to this fact. The spread of the melting 
process to lower temperatures may well be associated with the existence of the 
secondary structure found bj' Gloetz,^ and discussed theoretically by Zwicky ; 
while the spread into th<^ molten state is sometimes supposed to be owing to a 
rapid change in tlie degree of molecular aggregation in the melt. The experi- 
ments described below on the persistence of erystalliration nuclei in the molten 
bismuth make this explanation rather inadequent so far as it refers to a normal 
dissociative equilibrium. These nuclei must presumably be associated with 
the molecular aggregates, the breaking down of which, when the molten metal 
is heated above the melting point, causes the specific heat anomaly in the 
liquid. Many experiracntsf on the supercooling of liquids, including those to 
be described below, show that these nuclei are not reformed on cooling to the 
melting point so that the process is not reversible, and it cannot therefore be 
described as ordinary dissociative equilibrium.^ 

Further evidence as to the nature of these nuclei is given by the experiment 
of Go6tz§ who found it possible on melting a single crystal of bismuth to recover 
from the persisting nuclei not only a single crystal, but, also, one with the 
identical orientation, a function which seems beyond the capacity of any simple 
molecular aggregation. 

It is the purpose of this paper to describe some experiments on the history 
of these persisting nuclei in which the degree of subsequent undercooling has 
been used as a criterion of their behaviour. The experiments reveal the fact 
that undercooling phenomena may be as complicated with metals as they are 
in more complex organic substances, and there is, in fact, a very close qualitative 
agreement in the results for the two types of substances. 

The importance of obtaining information about these persisting nuclei lies 
in the fact that they are products of the disintegration of the crystal occtirring 
at melting, and that there is as yet no evidence to show whether they are a 
normal result of this disintegration or a fortuitous product due to a local impurity 
or imperfection in the parent crystal. If further research should show that the 
former is true, then in arriving at any detailed interpretation of the process of 
melting it will be necessary to provide a mechanism of disintegration not 

* ‘ Proc. Nat. Aoad. Soi. WaBh./ voJ, 16, p, 99 (1930), 

t See also L. Graf, ‘ Z. Physik,’ vol. 67, p. 388 (1931). 

t The experimentB quoted on the speeiho heat and thermo-electric power throw no 
light on this irreversibility, as they have only been carried out with Increasing temperatures, 

§ * * * § Phys. Rev.,’ vol, 36, p, 193 (1930), 
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only into atoms and molecules, but also, perhaps entirely, into blocks of 
appreciable size. As a corollary there would be an inverse process in solidifica- 
tion in the building up of a single crystal from large blocks. There is as yet 
no information as to the relative importance of these two methods of breaking 
down, since we have no evidence as to the size and number of persisting nuclei 
present immediately aft<T the melting of a crystal. 

2. Experirnenial Methods and Results, 

The experiments to be described were design(*d to investigate the factors 
affecting the disappearance of the nuclei when the melt was heated above the 
conventional melting point, and also the circumstances of their reappearance 
when the melt was subsequently undercooled below the melting point. 

The metal (bismuth, cadmium, lead or tin) was placed in a quartz crucible 
opcm to the air in a heavy welMagged copper furnace heated <dectrically, A 
copper-constantan thermo-couple in a thin quartz sheath was immersed in the 
metal, and the tempt'rature measured by a calibrated potentiometer using a 
null method. The furnace tenip<^rature was first set at a point slightly above 
the melting point of the metal. Then, when the metal was completely molten, 
which could bo determined from the temiXTature-time curve of the thermo- 
couple, the furnace temperature was raised a chosen amount above the melting 
point and held there for any desired time. The temperature was then lowered 
slowly through the melting point till solidification set in when there occurr(*d 
the sudden rise in temperature associated with undercooling. 

The two points investigated were the relation betw^een the degree of super- 
he.ating above the melting point and the degree of subsequent undercooling 
below the melting point, and the influence of time on this relation. It was 
not possible to go through the necessary temperature cycle very quickly on 
account of the long thermal period of the furnace, but the effect of main- 
taining any particular temperature for a number of hours could bo ascertained. 

The results are not completely consistent and it is not certain whether this 
is due to on inherent probability factor in the process of formation of nuclei, 
as is suggested by the experiments of Lange,* who finds that the formation of 
nuclei in zinc, cadmium and lead for a given amount of preheating and under- 
cooling is an exponential function of the time, or whether the control of con- 
ditions in these experiments is inadequate. Since the metal is open to the 
atmosphere there is considerable oxidation and there may be changes in the 

* ‘ Z. Motallkunde,’ vol. 23, p. 165 (1931). 
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purity including gas content not under control, a factor which, by analogy 
with organic substances,* may have some influence. Agitation by shaking or 
stirring seems to have no effect at all on the degree of undercooling. 

Qualitatively, however, there seems to be no doubt about two fundamental 
points. First, there is definitely a correlation between the amount of pre- 
lieating and subsequent undercooling such that a greater preheating produces 
a greater undercooling. A similar result is known to apply to sulphur and 
various organic substances.! Secondly, the influence of time seems to be 
unimportant compared with the effect of the actual temperature of preheating 
and undercooling. 

In the figure the results are given for bismuth. The origin for both axes is 
the conventional melting point ; the ordinates give the numb(T of degrees 
above the melting point to which the molten metal was preheated, and the 
absciss® gives the number of degrees to which the melt undercooled befort'. 
solidification set in. A wide spread in the points is observed, but there seems 
to be no doubt that for the first 12 degrees of preht^ating there is a rapid increas^^ 
in the amount of subsequent undercooling. Tlu^rcafter the results are more 
uncertain, but there is probably a gradual approach to a limit of undercooling 
of about C. as the amount of preheating is increased. The points 

marked in dots represent fairly rapid tcauperature cycles where the time 
betweim the end of melting and the beginning of solidification was about one 
half-hour. The points marked in crosses represtjnt experinients when the melt 
has been kept constant at the maximum for from 1 to 5 hours ; these show no 
consistently greater supercooling than the cases represented by the dots ; 
but the points represented by triangles, which represent experiments in which 
the melt has been kept at its maximum temperature for about 16 hours, suggest 
a gi'eater degree of undercooling tliau the other points ; it is possible that they 
represent cases where the time of preheating is definitely sufficient to influence 
the disintegration of the persisting nuclei. If this is so, then the time of 
preheating only affects this disintegration when it is a matter of hours and it 
is doubtful, therefore, whether the explanation of Bloch, Brings and Kuhn,! 
who suggest that persisting nuclei are due to a natural decrease in the rate of 
solution of a crystal in its melt as the Bi7.e of the remaining solid particles is 
diminished, is applicable. 

♦ Bigelow and Eykenboer, ‘ J. Thys. Chom.,* voL 21, p. 474 (11117). 

t Hinshelwood and Hartley, ‘ Phil. Mag.,’ voL 43, p. 78 (1922). 

} * 2. Fhys. Chem.,* B, voL 12, p. 416 (1931). 
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Nor does the time during wliich the melt is below the normal melting point 
seem to affect the degree of undercooling. For the single circle point the melt 
was heated 34° C. above the melting point, them cooled to 4°iC. below the melting 
point and kept there for 12 hom*8. Solidification only set in with a further 
21° C. undercooling. In the case of the point represented by a double circle, 
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the bismuth was rapidly heated about 82® C. above the melting point, then 
cooled down to about 8° C. below the melting point where it was left for 16 
hours. Then it had not solidified and with further cooling it undercooled 
38“ C. 

For lead there is much the same scattering of the points, but it is probable 
that the undercooling increases gradually to about 3® C. as the superheating 
increases to 16® C., and is then little affected by a further 160® C. of super- 
heating. 
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For tin, the undercooling was generally the same, 20°-26® C,, for super- 
heating ranging from 2°"210° C. But four points wer(^ obtained with super- 
heating of C, which only undercooled C. ; while between these 
two groups only one point occurred with 2° C. superheating and 15® C, under- 
cooling. This division of the points for tin into two groups — those wliich 
undcrcooh'd the full amount and those which barely undercooled at all — is 
interesting in that on any ordinary view of the phenomenon it is what one 
would expect to happen ; that is, the persisting nucleus would either be present 
with its full powers of a<?ting as a centre of crystallization or would disappear 
entirely. There is a definite distinction between this behaviour and that of 
bismuth in which the nucleus seems to have the power of being partially 
destroyed' so that solidification can set in at some intermediate tempera- 
ture. 

For cadmium no undercooling at all was found, even with superheating of 
165® C., so that presumably no nucleus is required for crystallization. 

These four metals thus give quite different results quantitatively, but with 
the exception of cadmium, all show undercooling. Whether in lead the small 
degree of undercooling observed is genuine, or whether it is due to impurities, 
is not certain ; but it is intereiiting to note that lead, like cadmium, has a 
simple crystallographic structure. 

To sum up, in bismuth, lead and tin, there is evidence that persisting nuclei 
remain when the solid is melted. For tin these are destroyed very easily if 
the melt is superheated and are usually not reformed till a definite degree of 
undercooling has followed. In bismuth and lead the nuclei are apparently 
only slowly destroyed as the melt is superheated, and to each stage of destruc- 
tion there is a characteristic degree of undercooling at which what remains of 
the nuclei recovers the power to act as a centre of crystallization. The nuclei 
exhibit what may be termed a temperature hysteresis which is certainly not 
the behaviour associated with a simple molecular reaction. 

These experiments throw little light on the critical problem of the number of 
nuclei left in the melt by a single crystal. Starting with a polycrystalline 
Aggregate the repeated recrystallizations have usually left one or two large 
crystals in the crucible, but this is not satisfactory evidence that only one or 
two nuclei were left in the last melt. It is possible that the rise in temperature 
which occurs when crystallization commences on one nucleus prevents the 
further development of others, so that they are rendered sterile and are absorbed 
into the crystal lattice produced by the first. Such evidence as is obtainable 
from measurements on the viscosity of molten metals is rather indefinite. 
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Pliisfl* finds that the viscosity of bismuth decreases about 10 per cent, between 
about 280^ and 360"^ C., suggesting a gradual molecular dissociation, but there 
is no clear anomaly near the melting point that could be associated with the 
existence of many large aggnjgates. The experiments, however, are not very 
adequate for the critical range of 10"^ C. above the mtilting point. 

3. The MeUiruj Points of Bismuth in Capillary Tubes. 

Another phenomenon which has been observed in the course of the author’s 
experiments on bismuth is an apparent lowering of tlu^ temperature of 
solidification in capillary tubes. This was reported in the paper dealing with 
the discontinuity in the magnetic susceptibility at solidification.f At that 
time it was thought to be an experimental error due to the position of the 
thermo-wuple wliich was outside the bulb containing the bismuth, but similar 
effects have sincx^ been observed with the same furnace arrangement and a 
thermo-couple protected by a quartz sheath actually immersed in the bismuth, 
so that this explanation <mniiot hold. 

With the arrangement used, when the thermo-couple sheath rested on the 
bottom of the bulb and partially blocked the opening of the capillary appendix 
tube into the bulb, there was always undercooling of about 0*8° C. whatever 
the rate of cooling ; that is, it was not an effect due to thermal lag. 

This makes it fairly certain that in a constricted space the temperature of 
solidification of bismuth is subnormal. Such a result has btien reported for 
ice by Bigelow and Rykenboer.J Whether the effect is due to surface 
phenomena or to the restriction in volume is not known, but for ice the 
amount of undercooling is independent of the nature of tht* surface of the 
capillary. 

If it is a volume effect, it becomes necessary to look for a factor governing 
the rate of advance of a crystal surface other than the simple thermal equili- 
brium providing for the escape of the latent heat of crystallization. For 
example, if one assumes that a bismuth crystal grows from blocks, then it 
might be that, when the area of the solid-liquid boundary is limited, the 
orientation of these blocks to the direction of the crystal axes becomes difficult, 
either on account of viscosity effects or because of a weakening of the orientating 
power of a small surface. 

♦ ‘ Z, anorg. Oham./ vol. 93, p. 1 (1915). 

t ‘ Proc. Roy. Soo./ A. voL 133, p. 162 (1931). 

J ‘ J* Fhy», Chem.,* vol. 21, p. 474 (1917). 
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It is not likely that the effect is due to the impurities rejected by the growing 
crystal. These might accumulate at a constriction, so lowering the temperature 
of crystallization, but the amount would vary with the rate of cooling which 
does not happen in the special case described. 

In conclusion, I should particularly like to thank Dr. J. K. Roberts for many 
discussions and criticisms of this work, and for undertaking the proof-reading 
of this paper ; and also Professor Kapitza for his interest and encouragement 
throughout. 


Dissociation of Excited Diatomic Molecules by External Perturbations. 

By Clabbnce Zknbr, H. H. Wills Ph 3 r 8 ic 8 Laboratory, Bristol. 

(Communicated by R. H. Fowler, F.R.S. — Received December 27, 1932.) 

1. Introduction . — An excited attractive state of a diatomic molecule, in 
the absence of an external field, is not affected by the crossing of a repulsive 
state with different symmetry.* An appropriate external field will, however, 
induce perturbations between the two states. 

It is generally recognized that the probability of transition from an attractive 

to a repulsive state, during one oscillation, will 
be very small, except when the molecule is in an 
energy level, £, which is very close to the value 
of the potential energy at the point of crossing, 
Vg. ■ However, even a very small transition 
probability, per oscillation, may give a high 
probability that the molecule will dissociate 
before returning, by radiation, to the normal 
state. Hence the calculation of these small 
probabilities is of interest. 

In section 2 these calculations are made for 
E > Vg, and in section 3 for E < Vg. The 
calculations are applied to electric and mag- 
netic fields in section 4, and to collisions in section 5. 

2. A simplification will be made by considering the intemudear separatiou 
B as the only nuclear variable. This neglect of the angular co-ordinates is 

* B. Xrooig. ‘ Z. Physik,’ voL 50, p. 857 (1028). 



Fw. 1.— Potential energy ourvee 
of attraotive and repulsive 
states. £ > V,. 
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justified since the transition occurs only in the immediate vicinity of the 
point of crossing, R^, and because the rotation of the molecule, while E is 
in this vicinity, must be quite small. The effect of rotation will be taken into 
account sufficiently by considering the potential energy curves of the attractive 
and repulsive states, Vi(R) and V 2 {R), as functions of the rotational quantum 
numbenu 

With this simplification, the standard perturbation theory gives the tran- 
sition probability proportional to the square of the integral 

J = I (R) (1 lHi|2) U, (R) dR. (1) 

Here (1 ]Hi|2) is the matrix clement of the perturbation H^, introduced by the 
external field, with respect to the attractive and repulsive electronic states ; 
Ui(R), Ug(R) are the vibrational wave functions, with energy E, which belong 
to the attractive and repulsive states, respectively. When B > V^, the 
oscillatory portions of Uj and Ug overlap. The integrand of (1) is then an 
oscillating function, and a small error in the wave functions will thus introduce 
a large error in J. 

Landau^ has shown how this difficulty may be avoided. His method 
consists essentially in using the Wentzel-Brillouin-Kramers approximate wave 
functions for Uj and Uj. The oscillatory factor in the integrand of (1) is 
then given by 

cos || Pj dK — J7r| cos | j pj dR — ;j7c| * 

Here R^, Rj are the points of intersection of (R), Vj (R) with E ; and 

P* (R) = J v'2m{E - V» (R)}. (2) 


Rewriting this factor in the form 

jeos j| Pj dR ““ I Pj dR| + i cos |j pj dR + j^p* dR — i7r| , 


we see that by discarding the second term the rapid oscillations in the region 
of R^ may be eliminated. The argument of the first cosine has a minimum at 
R|^. Expanding this argument about its minimum, neglectmg powers of 
(R — R 0 ) higher than the second, neglecting the variation of the other factors 
(1 |Hil2), p*^ and extending the intergal to ± , we obtain an approxi- 

• * Phya. Z* Sowjetunion/ vol. 1, p. 88 (i932). 
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mate value to the integral. This approximation is better the higher B is 
above Vo. 

Applied to our one dimensional problem, Landau’s method gives 


Pl2 




hv 1*2 — Sal 


( 3 ) 


as the probability that the change from attractive to repulsive state occurs 
when R passes once through Rq. Here is the value of (1 (Hi (2) at R R^ ; 


v = A/2(E-Vo)/m 





( 4 ) 


Since this result has been obtained by a perturbation method, (3) is valid 

only when Pi. < 1. In the other extreme 
case, when ^12 is nearly unity, the proba- 
bility P = 1 — Pijj may be calculated by a 
s imil ar perturbation method, with Uj (R), 
U 5 |(R) being the wave functions associated 
with the adiabatic electronic states. Laudau* 
bas carried out this calculation, finding 



Pi 0 . 2. — Adiabatic potimtia] 
energy curves with external 
perturbation present. 




( 6 ) 


The author has treated the same problem 
from another standpoint.f By introducing the 
same approximations, constant (1 |H, |2) and velocity in the vicinity of Rg, 
not at the end of the calculation, but at the beginning, I was able to reduce 
the problem to one for which the transition probabilities could be found 
exactly. I obtained ... 


while P proved to be identical with (6). The expression (S') is valid, subject 
to the approximations, fox all values of Pir It agrees with (8) in the range of 
validity of the hotter. 

♦ • Phys. Z. Bowjetuniou,* vol, 2, p. 46 (1982). 

t C* Zener, * Pr^. Boy, Soo.,' A, voL 137, p. 696 (1932), The apparent disorepanoy, 
tnen^oned in this reference, between the F derived by Landau and that dsirived hj tlw 
author arose through confusing the ordinary h with the Dirac h, which was used by 
Landau. 
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The tramition probability per oscillation, y, is equal to twice provided 
Pi 2 < 1. For then the two methods of dissociation indicated in fig, 3 are 
independent, and therefore their probabilities are cumulative. 

Thus, for small y, 



3. When the vibrational energy of the molecule is less than Vq, the usual 
perturbation methods may be applied, since the integrand of (1) is not oscil- 
latory, as when E > Vq, in the region between and R*. 



Pio. 3. — Two methods o! dissooiation. The Fio. 4. — Potential energy curves of attrac- 

broken lines indicate the two paths tive and repulsive states. E < Vp. 

V (B) may follow in dissociation. 

The perturbation theory gives the probability of dissociation during one 
oscillation to be 

y' =i [ Ui(R)(l|Hi|2) U,(R)dR *. (7) 

Here v is the frequency of oscillation ; Ui(R) is the normalized wave function 
of the attractive state, with eigenwerte E ; and U 2 (R)> the wave function of 
the repulsive state, with energy E, is so normalized that 


LimU,(R)- 

E*^t3D 


oo8|^V{2*»‘[E-V,(»)]} + 5j 

{2 [E-V, (00 )]/«!}» 


( 8 ) 


Except when B is nearly equal to V^, the product Ui(R) U, (E) is much 
wfiftlW At R, and R, than at its maximum value between R, and R,. We 
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may thus, except when E - Vo. calculate y' directly mefms of the Wentael- 
Brillouin'Eramers approximate wave functions. In the region between 
R'l and Rj, exclusive of the immediate vicinity of R'j and Ri, the appropriate 
approximate function for Uj (R) is 


(R) 


2 vt cos 1 1 jjj dR — 


[2 (E - Vi)/m]* 



with Pi given by (2). Associated with this function is a 6ux of magnitude v 
in each direction. Hence it is properly normalized. To the right of R,. 


U,{R) 


vi 


eipj- IpildR- 

1 ilii i 

[2(Vi-E)/m]‘ 


The approximation of U, (R) which satisfies (8) becomes, to the left of R„ 


U,(R)- 


i exp I - j^|p,(dR| 
[2(V,-E)/m3‘ 


Substituting these approximate functions in (7), we observe that, in the 
region for which the functions are valid, the factor 

Q (R) = exp .[ - [ |p,| dR — [*’|p,|iR 
I J R, JR J 

varies rapidly in comparison with the other factors. Slight error will thus be 
introduced by giving these other factors their values at the maximum of Q (R), 
namely, at Rg. Since Q (R) has the general shape of a Gauss error curve, 
we shall expand the exponent of Q (R) about Rg, and neglect powers of 
(R — Rg) higher than the second. 

The region of integration is then extended to ± » . This procedure givea 

r’Q(R)(iR - r Q(R)dR ~ Tl\/ t , 

Jll, J - 00 1^1 I 

where 

T*-Q(Ro), 

and V, St ore defined by (4). 

Substitution of this result in (7) gives finally 


y'^. ^J n... T. 

hv \ »1 - «,| 
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On comparing this probability with (3), we see that y' is the product of two 
probabilities, an electronic transition probability and an atomic transmission 
probability. For the coefficient of T would be the probability, per crossing, 
of the electronic transition if E lay above by the amount it lies below ; 
while T would be the probability of dissociation per oscillation if the molecule 
had the ])otential energy 

Vi(R), IKRo. 

V(R)== 

V,(R), R>Ro. 

This well-known interpretation* of T may be most readily derived from the 
relations given by Kramers and by Kramers and Ittman.t That particular 
solution of the w^ave equation which be<;omes approximately 

(E ~ V)~‘ cos ^ I dR — n/i^ 
to the right of Rg becomes 

- (E - V)-‘ sill - 7t/4) 


to the left of R^. Further, that particular solution which becomes approxi- 
mately 

(E - V)-* sin pdR- 7t/4^ 
to the right of R^ becomes 


2T-i (E Vri cos ( p dR - 7r/4 

\j II, 


to the left of Rj. Hence corresponding to the approximate solution 

(E - V)-» exp i pdR- Tz/i 

to the right Rj, we have a solution to the left of Rj whose dextro-flux is 
times as great.:{: 


♦ G. Gamow, Ooostitution of Atomic Nuclei and Radioactivity,'" Oxford University 
(1932), equation (26), p. 42. Here the factor 4 has arisen through an incorrect 
joining of the solutions at and K,. 

t ‘ Z. Fhysik,’ vol. 39, p. 828 (1926) ; vol. 58, p. 222 (1929). These relations have 
been written in detail by Riw, i6td., vol. 35, p. 1542 (1930). 

X [Note added in proof, February, 13, 1933.— The calculation of transition pro- 
b&bUities by the above approximate methods is not valid if |E — V^] is too small. 
A oalottlation with exact wave functions shows the results of sections 2 and 3 to be 
valid provided 2?cmvjE, Rjl/A '> E This condition is satisfied by the applujations 
in the following sections.] 
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4. The above theoretical conaideraiions will now be applied to various 
external perturbations. It is of particular interest to know the width, AB, 
of the band of energy levels which are dissociated by a given perturbation. 

With an external perturbation wliich is constant in time, dissociation is 
probable if the probability of dissociation per oscillation, as given by (6), 
multiplied by the number of oscillations in the left time of the excited state is 
comparable to unity. 

Let T and v be the normal lifetime and the frequency of the excited molecule. 
We may then define AE by the equation 

Tvy ( AB) = 1, 

where y ( AE) is given by (6), with 

t; = \/2AE/m, 

m being the reduced mass of the molecule. Solving for AE gives 

AE - 327c*T«v«mei,* 

In order to see how large must be for AB to have the order of magnitude 
of 1 electron volt, put 

(2Tcv)«m == ♦ 

where R„ is that value of R wliich makes V, (R) a minimum. We then see 
that (27cv)*m/(«i — «,)* has the magnitude of (electron volt)"*. II t = 10"* 
seconds, we find that must be about 3*4 X 10"** ergs for AE to be 1 
electron volt. 

An electric field will induce optically allowed transitions between two crossing 
states. If E is the magnitude of the electric field in volta cm."*, «i 2 ~ « AE/300 
ergs. Thus E must be about 20,000 if AE 1 electron volt. 

The component of a magnetic field parallel to the molecular axis will induce 
transitions between crossing O'* „ (0^,) and 0",(0",) states. However, uidess 
the lifetime of the excited state is much longer than 10"* seconds, or unless 
1*1 ~ *i| electron volt/A, the strength of the magnetic field necessary to 
give appreciable effects will be larger than can be obtained experimentally 
with convenience. A magnetic field has been found to have a dissociative 
effect upon the excited 0\ state of Ig,* which is probably crossed by a lepulsive 

• Turner, ‘ Z. Physik,’ vol. dft, p. 464 (1990). 
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state*^ It is thus likely that this orosamg lias to the left of the mini- 
mum of the excited state, as such a crossing allows |S| — to be much 
smaller. 

5. Transitions induced by collisions are forbidden by no general selection rule. 
All collisions may induce even ^ odd transitions. 

Changes in multiplicity may occur by an exchange 
of electrons having opposite spins, provided the 
perturbing molecule is in a doublet state. Positive 
^ negative transitions may occur if the perturbing 
moletiule undergoes a similar transition. 

Since we cannot in general assume the collision 
to last for more than one vibration, we are here 
interested in the maximum value of E — V^j, say 
AE, for which the transition probability per 
oscillation is large. Defining AE by 

Y(AE)-1, 
with Y given by (6), we obtain 


T 

V(R) 



AE - 


327i;%en* 


F I G . 6. — Potential energj’^ 
curves of attractive and 
repulsive states. Point of 
crossing is to left of mini- 
mum. 


h^{8i •- 

Giving the reasonable value of 1 electron volt/ A, we finally get 


AE - 1-8 


m 


10s 


12 


'electron volt 


electron volts. 


In a direct collision, e ]2 be comparable to the relative kinetic energy of the 
two colliding molecules. Since this is alK)iit 0*1 electron volts in a discharge 
tube, every excited molecide with E > is likely to t)e dissociated upon its 
fixat direct collision, provided it is crossed by an appropriate repulsive state. 

Optically allowed transitions between crossing states will be induced by 
molecules having permanent dipoles. Taking the permanent dipole moment 
to be 6 A/6 (as in HCl), in order that AE > 0-1 electron volt the radius of the 
collision must not be greater than 6 x 10^** cm. 

6. The theory of inducing transitions by external perturbations 

between crossing attractive and repulsive states of different S 3 nnmetry has 
been discussed. The theoretical results are of particular interest when the 
vibrational energy of the molecule is less than the potential energy at the 


♦ MulUken, * Eev. Mod. Phy».,* vol. 4, p. 17 <1932). 
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point of crossing. The transition probability is then equal to the product 
of an electronic transition probability and the probability that the nuclei 
pass through a jK)tential barrier. 

Applications have been discussed. It has been found that electric fields 
of 20, (HX) volts have a marked dissociative effect upon excited states 

which are crossed by appropriate repulsive states. All types of transitions 
have been found to be readily induced by collisions. 


A Contribution to the Theory of Film LiJihricxition, 


By A. M. Robb. 

(Communicated by J. Proudman, F.R.8. — Received January 13, 1932.) 


The fundamental equation of the Reynolds’ theory of film lubrication is 


42 ^ \ 

where 

p is the pressure. 

X is the coefficient of viscosity. 

w is the velocity of the lubricant at any point between the surfaces. 
X is measured in the direction of motion. 
y is measured perpendicular to the direction of motion. 

This equation can be transformed into 


( 1 ) 


= ( 2 ) 

where 

u is the velocity of the moving surface. 

h is the distance between the surfaces at any point other than that corre- 
sponding to 

which is the distance between the surfaces at tiie section where the 
pressure is maximum or minimum. The case of minimum pressure 
is, however, rejected from the immediate consideration. 


For the particular case of the journal bearing, in which the distance between 
fixed and moving surfaces depends on the mean “ play,” or clearance, between 
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journal and bearing, and on the extent to which the journal is eccentric in the 
bearing, equation (2) becomes 


^ Be (cos 6 — cos 6') 

r® (1 + ejr cos 0)® 

where 


( 3 ) 


R is the radius of the journal. 

(K 4* 0 if' the radius of the “ brass/’ 

e is the distance between centres of journal and brass, so that ejr is the 
eccentricity ratio, referred to as the “ e(5centricity.*’ 

6 is measured in the direction of rotation of the journal. 

6' is the angular position of the section of maximum pressure. 


Since Reynolds* published his theory of lubrication in 1886 development 
has been concerned almost entirely with the method of solving equation (3) 
and, implicitly, equation (2). The solution which was generally accepted 
up to a very recent date was given by Sommerfeldf in 1904. That solution 
involved two assumptions ; {a) that the extent of the lubricating film is deter- 
mined by the extent of the brass ; and (6) that the quantity in (2), which is 
represented by the quantity r (1 elrv.OH 0') contained in (3), is a constant. 
Both assumptions are inaccurat<'. The effects of the inaccuracies are indicated 
in the following brief summary of results obtained. 

The Sommerfeld solution shows that attitude and eccentricity are inter- 
dependent, Fig. 1 embodies experimental evidence on this point ; it was 
obtained by correlating results from figs. 10, C and D, of a paper by Goodman,! 
and covers results for three oils at three different temperatures, in effect nine 
viscosities, at loads ranging from 500 to 4000 lb., at a constant spe^ of 300 
revolutions per minute. Thus the Sommerfeld solution is sound as regards 
inter-relation of attitude and eccentricity ; but it is necessary to examine the 
character of the relation. 

Fig. 2 embodies the Sommerfeld relation between attitude and eccentricity 
for a “ half ” bearing. The important characteristic of this solution is that it 
indicates " seizure ” occurring at the ‘‘ off ” side of a brass, whereas, in fact, 
it OCOUX8 at the “ crown.” Apart from this error in the solution there is another 
error underlying it. The other error is indicated by fig. 3, which indicates a 
form of pressure curve obtained from Sommerfeld’s solution, showmg that a 

* ‘ Phil. Trans.,” vol. 177, p. 167 (1886). 

t Z. Phys. Math. J., p. 97. 

} < Proo. Inst. Civil Bng.,’ vol. 226, p. 242 (1927-28). 
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lubrioatiog film may have zero pressure at A, a region of negative pressure 
between A and B, and then terminate with zero pressure at B where the brass 
ends. The idea of a region of negative pressure towards the “ off ” side of the 



IF 
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Jz 



Fiu. 2. — Solid line tool obtained by expetimeat ; dotted line by oaloulation. 
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brasB is oonaistent with the idea that seizure should occur at the oS side 
of the brass ; if the negative “ loop ” of the pressure curve is sufficiently large 
the journal and brass will be sucked together at the side. 

Stanton has shown that pressure curves do not necessarily extend over the 
whole brass, and that they do usually terminate at a point such as A in fig. 3. 
Farther, in his British Association paper of 1927 he givcvs the locus marked 
‘‘ Stanton in fig. 2, and discusses the serious discrepancy between it and the 
Soninaerfeld locus. Nevertheless, he does not reject the Sommerfeld solution. 



Goodman (loc, dt.) gives the lociis marked Gl in fig. 2, this locus being an 
extension of the results plotted in fig. 1. Along with this locus he plotted the 
Sommerfeld locus, calling the whole a ‘‘ Sommerfeld diagram. On the other 
hand, in his 19321 pap^r be gives the loci marked G2 and G3 in fig. 2, these 
being obtained with smaller radial clearance than the locus Gl. And he marks 
his rejection of the Sommerfeld solution by embodying the later loci in a 
displacement ’’ diagram. 

The final stage in tliis consideration is the solution suggested by SwiftJ in 
a paper to the Institution of Civil Engineers in 1932. Swift rejects the Sommer- 
feld solution as regards the assumption that the film necessarily extends to 
the off ** side of the brass, but he retains the assumption that the film com- 
menoes at the ** on side of the brass. In this way he avoids the loop 
of negative pressure and obtains an attitude-eccentricity locus which terminates 
at the <urown of the brass, as shown in fig. 2. And he obtains different loci 

♦ Bngineering,** September 2, 1927, 

t Goodman, * Proo. Inst. Gvil Eng,,’ vol. 238, pp. 244-322 (1931^2). 

t * Proc. Inet. Gvil Eng.,’ vol. 238, pp. 244-322 (1931-62). 
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for different angular positions of the “ on ” extremity of the brass. But not 
only is there an objection to Dr. Swift’s solution on the ground that the shape 
of the attitude-eccentricity locus is appreciably different from the shape deter- 
mined experimentally, there is an objection in principle to the idea that there 
are different loci depending upon the circumferential extents of the braes. 

There is no basic consideration which justifies the rejection of the Sommer- 
feld, and incidentally Reynolds, assumption as regards the “ outlet ” extent 
of the film and the retention of it as regards the ** inlet ” extent. Indeed a 
consideration of the probable course of development of an oil film indicates 
that neither extremity should be determined by the extent of the brass. When 
the journal is at rest it makes contact with the crown of the brass. When the 
journal is set in motion it drags oil round with it and, in effect, wedges ” itself 
away from the brass. But gradual increase in speed must be associated with 
gradual increase in pressure, and accompanied by gradual extension of the 
film. Ultimately a stable condition will be reached ; but the idea of gradual 
development of the oil film is alien to the idea that its boundaries, or either 
l)Oundary, must be determined by the chance circumstance of the termination 
of the brass. 

This brief summary of development of the Reynolds theory indicates lack 
of harmony between calculation and experiment. In itself it provides a 
justification for a reversion to the fundamental considerations of the theory, 
and a modified development on the basis that extent of brass is not a variable 
of prime importance. 

If the trace of the fixed surface be a strai^t line it can be shown that the 
pressures are zero at the ends of the film if the inlet thickness, be if, and 
the outlet thickness, Aq, be f , the thickness at the section of maximum pres- 
sure, A^, being token as unity. We must now consider the character of the flow 
of the lubricant across sections whose heights are in that relation. 



From equation (1) it follows that if the pressure does not vary across the 
film, from surface to surface, the cross curves of velocity are portions of para- 
bolas. Parabolic cross curves of velocity are shown in both diagrams of fig. 4 
which are reproduced from Reynolds’ {kc, dt,) original paper ; the left-hand 
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diagram represents the conditions which are now associated with a Michell 
pad, the right-hand diagram the conditions in a journal bearing. The flow 
across the end sections of the film demands consideration of the character 
of the parabolic cross curves. 

An assumption underlying all but some specialiised investigations of the 
theory of film lubrication is that the tmdfh of the surfaces, measured across 
the direction of motion, is infinite. This is tantamount to the rejection of 
any consideration of leakage of fluid at the sides of the surfaces. It entails 
the condition that the quantity of flow ia constant across every section between 
the surfaces ; and this can be (ixpressed by the statement that the areas under 
the cross curves of velocity are (‘onstant. The basic assumption will have 
to be discarded at a subsequent stage ; meantime the implications of the 
assumption will be examined. 

Since dpjdx is zero at the sec^tion of maximum pressure the cross curve of 
velo<*ity for that section is a straight line ; this is the particular case of the 
parabolic cross curve of velocity having its vertex at infinite distance from the 
surfaces. This condition gives the assumed constant area under the cross 
curves, namely, J w/d. 

If is unity and Aq is J t he parabolit: cross curve of velocity at has its 
vertex on the moving surfac^e. And if A| is ij the curve of velocity has its 
vertex on the fixed surface. These conditions are shown in fig. 5, where 
Aj =: 2 Ao — for both the Michell pad and the journal bearing. 

If Kq be greatt^r than f and less than the parabolic cross curves have 
their vertices r<ispectively below the moving surface and above the fixed 
surface. Cross curves having these characteristics are shown in fig. 5, between 
the straight-liiio cross curve at the section of maximum pressure and the 
terminal cross curves. 

The tangents to the cross curves at the surfaces indicate tlie magnitudes and 
directions of the frictional resistances between moving surface and lubricant 
and between lubricant and fixed surface. 

Consider now in detail the “ inlet ” region, the region to the riglit of the 
sections of maximum pressure in fig. 5, 

Between the section of maximum pressure and the section Aj — ij the 
cross curves of velocity are all completely to the left of their respective base 
lines, and the frictional resistance between lubricant and brass Is everywhere 
in the direction of motion of the moving surface. Beyond the section A^ = iJ 
the vertices of the cross curves lie between the surfaces, and the cross curves 
have portions on both sides of their respective base lines ; thus there are regions 
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of negative velocity adjacent to the fixed surface. Cross curves showing this 
characteristic are indicated in fig. 4. 

The supposition of a region of negative velocity adjoining the fixed sur&ce, 
in association with the assumption of constancy of flow across the sections, 
implies the existence, first, of a line of zero velocity joining up the points at 





Fio. fi. 


which successive cross curves cut their respective base lines, and, second, of 
a boundary line above which the “ positive ” flow exactly balances the 
“ negative ” flow represented by the “ loops ” of the cross curves, and b^w 
which is the quantity of lubricant which eventually fills the whole space 
between the surfaces. Hence arises the conceprion of a body of ciroulatiBg 
lubricant in the region beyond the section 8 as indicated in fig. 6. 
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Now it is possible to have a specious explanation of the existence of such a 
body of circulating lubricant in the particular case of a brass completely sur- 
rounding the journal. But for the half brass under immediate consideration, 
as indicated in fig. 6, it is impossible to justify the conception that in the 
approximately triangular region with the apex at A there is part of a body of 
circulating lubricant ; to particularize — ^whence comes the lubricant at a 
and whither does it go at 6 ? Hence either the film must extend from the 
beginning of the brass, and it has been indicated above that this is not a reason^ 
able assumption, or else the bearing film must terminate at such a position as 



A, fig. 6, and the mathematical consideration may not be extended to the 
state of affairs beyond tliis point. 

Incidentally, the assumption that the bearing film may (commence at any 
position to the right of A involves the objectionable assumption that in the 
initial stages the film tends to drag the brass in a direction opposite to that of 
the moving surface ; this follows from inspection of the tangents to the cross 
curves at the fixed surface. 

Turning now to the “ outlet ** region it is clear that so long as A is greater 
than J, being unity as before, the tangents to the cross curves at the moving 
surface slope upwards towards the section of maximum pressure, and the moving 
surface exerts a drag on the lubricant. When A = f , as for the cross curves 
on the left-hand side of fig* 5, the tangent is vertical and the frictional resistance 
is zero* When A is less than f the vertices of the cross curves are between 
the surfakcee, and the curves indicate the existence of velocity of lubricant 
greater tibte velocity of the moving surface — a questionable supposition. 

2 y 


VOL* OXL*— A. 





676 


A. M. Robb. 


Further, the tangents at the moving surface slope upwards away from the 
section of mazimtim pressure, indicating that the lubricant is dragging the 
movmg siuface in the direction of motion. Novr the idea of a lubricant assist- 
ing to rotate a journal, or a thrust collar, is as questionable as the idea of the 
extensive region of negative pressure discussed above. Hence it would seem that 
the outlet end of the bearing film, in other words the film which fills the space 
between the surfaces, should be found at the section where the cross curve of 
velocity has its vertex on the moving surface, and so the frictional resistance 
is zero. 

Hence arises the conception of limiting thicknesses of bearing film, namely, 
.= I hi, and = ij Ai, taking, for the present. A* to be the height 
at the section of maximum pressure. This conception would seem to imply 
that the inlet thickness of the bearing film must be twice the outlet thickness ; 
and if this relation holds good it follows that for each value of the eccentricity 
there is one, and only one, angular extent of film. Thus it would seem that 
the greater the eccentricity the smaller the extent of the film ; and attitude, 
eccentricity, and extent of JUm become inter-dependent. 

In order to explore the possibilities of this conception of limiting end thick- 
nasscs of bearing film an investigation was made of the properties of the film 
in a journal lyearing at a range of eccentricities ; and this investigation demands 
attention as a stage in the larger consideration. Superposed on the assumption 
that inlet thickness is twice outlet thickness was the further assumption 
that the outlet end coincides with the section of least clearance between journal 
and bearing. The mean clearance between journal and bearing, r, was taken 
to be unity, and values of A, = r (1 -f- e/r cos 0), were determined for a range 
of values of the eccentricity, ejr, Emowing the values of A for the outlet end.s 
of the films at the difierent values of the eccentricity the associated values, and 
the positions, of A^ and A^ were determined. 

For each eccentricity the values of ^ , were plotted, the terms in 

front of tiie bracket in equation (2) being left out of account. These curves 
<A dp jiai woto then integrated graphically, a typical pressure curve being given 
in fig. 6. 

Fig. 5 shows also the pressure curve for a Michell pad, under which the end 
thicknesses of the film are the same as for the journal bearing. It is apparent 
that while the basic assumption as to end thickhesses of bearing film gives 
equality of pressure at the ouis of a Michell pad it does not do so for a journal 
beating. The e:q>laiuition is that similar cross curves of vdooily occur at 
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similar heights of section, but similar heights of section, and so similar values 
of dpjdx, occur at different positions ; hence similar changes in character of 
flow, and so similar changes in dp/dx, are accomplished in different distances 
and so lead to differences in pressure. 

For the series of pressure curves of the type shown in fig. 6 the magnitudes 
and positions of the resultant loads were dotennined by means of the polygon 
of forces, appropriate values of X and u being inserted in the final stages of the 
calculation. 

The calculated load curve, taking the value of X to be 7 *73 X lO'**, the value 
appropriate to oil A at 60° F., and taking w to be the linear speed corres- 
ponding to 800 revolutions per minute, is shown in fig. 7. Along with it is 
plotted Goodman’s experimental ctirve for oil “A” at 60° F., and 300 
revolutions per minute. The lack of harmony is clear. 



0*7 0*8 0*9 

Eccentricity 


ITio. 7. 

The *ttitude-eooentricity Iocub for this set of calculations is marked “ K " 
in %. 2. There «<»«»<» to be fairly close agreement between this locus and the 
experimental curve G8 at the higher eccentricities, closer agreement than u 

• The oib used were well-known proprietary brands. 


2 Y 2 



678 


A* M. Robb. 


shown by the Swift locus. But this seeming agreement is actually misleading. 
The assumptions imderljdng curve R lead to completely inaccurate results for 
the lower eccentricities. For example, it can be shown that the locus ter- 
minates practically on the base-line at 0*3 eccentricity, and it is impoBsible 
to obtain results for eccentricities lower than this. On the other hand all the 
experimental loci are carried down to xero eccentricity, and in this respect the 
Swift locus is more satisfactory than locus R. In addition there is an obje-ction 
to locus R, over and above the objection to the load curve associated with it, 
as indicated in the previous paragraph. This further objection is that the 
pressure curves from which locus R was derived all have appreciable ordinates 
at their inlet ends, of the character shown in fig. 5. Then both the Swift 
locus and locus R are open to criticism in that they are invariable whatever 
be the radial clearance, whereas it seems clear from comparison of Goodman’s 
results in fig. 2 that radial clearance has a material effect upon attitude- 
eccentricity locus. 

There is, however, an important general consideration indicated by both the 
Swift locus and locus R. It is that the rejection of the idea of negative pressure 
is involved in the obtaining of a locus which curves up towards the crown of the 
bearing, instead of tending towards the side as does the Sommerfeld locus. 
This feature of locus R seemed to justify some ftirther general investigation. 

Incidentally it was at about this stage in the series of calculations that 
Goodman’s second paper became available ; and in the further investigation 
to be discussed the author has hod the benefit, not only of the paper, but of a 
complete set of all the experimental records kindly placed at his disposal by 
Professor Goodman. 

The pressure equation is 


^_6X« 

ax 


h~h^ 
h? ’ 


and the siniilar friction equation is 


dx 


— 


A» ' 


If it be accepted, on the considerations outlined above, that there are definite 
limiting sections for the oil film independent of the extent of the brass, and so 
for any chosen eccentricity the inlet and outlet thicknesses of the film, and 
hence the angular extent, are determined, it follows that all the values of h 
and the value of axe fixed for each value of the eccentricity. Hence the 
integrations of (h — h^)/h* and — ih)fh* are constant for each eccentricity 
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aivl therefore for any chosen value of the eccentricity both load and friction 
vary as X«. 

Evidence on this point is contained in fig. 8. Here are a wide range of values 
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of load and friction for constant eccentrioitiea from Goodman’s ejqwriments, 
plotted on a base of Xu. The values of X were taken from fig. 18 of his 1928 
paper ; the values of u were taken to be the number of revolntdons per minute 
since the diameter of the journal was the same throughout. For the first set 
of experiments, with radial clearance 0-0172 inch, the values of the load were 
read from fig. 10, C of Goodman’s 1928 paper. But although the curves in 
the diagram range over loads from 600 to 4000 lb. and over nine viscosities, 
they are limited to one speed, namely, 300 revolutions per minute. The range 
was, however, extended by taking a series of readings from a number of un- 
published diagrams, the readings actually being related values of friction, 
eccentricity and revolutions per minute for a constant load of 8000 lb. ; there 
were four values of the speed, from 96 to 460 revolutions per minute. For 
example, with a load of 3000 lb., a speed of 830 revolutions per minute, using 
oil “ F ” at 60° F., the friction was 26-7 lb. at an eccentricity of 0-83. In 
order of get this spot on the diagram a series of values from Goodman’s fig. 10, C 
was taken at 0-83 eccentricity. The extra spot for the 3000-lb. loading is 
marked “ 1 ” in fig. 8. The spots marked “ 2 ” and “ 3 ” are similar “ extra ” 
spots, “ 2 ” being for oil “ F ” at 80° F. and 260 revolutions, and “ 3 ” for oil 
“ A ” at 80° F. and 176 revolutions. 

For the later experiments, with radial clearance 0 -0038 inch, the load values 
were read from fig. 41 of Goodman’s 1932 paper, and from a similar unpublished 
diagram giving the results for 96 and 160 revolutions per minute. The friction 
results were obtained from Goodman’s fig. 46 and a series of unpublished 
diagrams carrying the loading down to 500 lb. ; a certain amount of cross 
plotting, and some approximate but slight “ fairing,” was necessary. 

From fig. 8 it is clear that there is experimental evidence to justify the idea 
that both load and friction vary as Xu at given eccentricity ; this is emphasized 
by fig. 9. Here is a comprehensive picture of all Goodman’s experimental 
results, those for the earlier bearing being brought to a common Xu value of 
2 • 319 X 10“*, corresponding to oil " A ” at 60° F. and 300 revolutions per 
minute, and those for the later bearing brought to a common Xu value of 
1-540 X 10"*, corresponding to oil “A” at 60° F. and 200 revolutions per 
minute. In adopting this method of plotting the results the practical con- 
sideration that the journal might not actually run at high eccentricities witii 
the high viscosity oil has properly been rejected ; the diagram is oonoemed 
with the elucidation of principles governing the maintenance of the oil film and 
the conditions under which seizure occurs are not relevant. It should be 
noted that the load curves for the eariier beuring are those from Goodman’s 
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fig. 10, C. The range of the consideration has, however, been widened by the 
addition of 24 isolated spots for constant loading and different speeds, these 
being obtained from other unpublished diagrams ; the results were also plotted 
on the friction diagram. The results for the later bearing, with reduced radial 


r = -0172" f = -00.38" 
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dearanoe, comprise 12 curves of load and of friction. The measured loads 
ranged from 600 to 4000 lb. There were four speeds, ranging from 96 to 460 
revolutions pet minute, and three viscosities, namely, those for oil A at 
60“, 80®, and 100“ F. 
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Fig. 9 was actually prepared in order to provide a bacJq^und for a series 
of calculations subsequently to be discussed, and although it supports tiie 
thesis of load and friction varying as X« for constant eccentricity, the logarithmic 
plotting adopted in order to obtain comprehensiveness tends to mask the 
“ .scattering ” of the r&sults. But the closer grouping of the later results in 
both figs. 8 and 9 is probably explained to some extent by the reference on the 
first page of Groodman’s 1932 paper to the improvement in the measuring 
apparatus and the elimination of other sources of error. 

Before discussing the further calculations it is necessary to consider the most 
important piece of evidence supporting the thesis that attitude, eccentricity 
and length of film are inter-dependent. From consideration of the pressure 
and friction equations it is clear that the quantities X and u disappear from the 
coefficient of friction, and the coefficient is merely the quotient of the integrations 
111 _ ^ 

of 4 * — — -2- and 6 — r- — . Hence if the values of h and are determined 
A* A* 

only by the eccentricity, as will be the case on the thesis outlined above, there 
will be one, and only one, value of the coefficient of friction for each value of 
the eccentricity, whatever be the values of viscosity and speed. 

This hypothesis was suggested to Goodman by the author in 1931 as the 
“ acid test ” of the thesis outlined above. Goodman applied the test and the 
result is shown in fig. 42 of his 1932 paper. Here again the spots for the later 
bearing are less " scattered ” than those for the earlier bearing. 

But there is a further point : from the pressure and friction equations it is 
clear that the coefficient of friction at any chosen eccentricity varies as A, and 
therefore as the radial clearance. The ratio of the radial clearances for the 
bearings of Goodman’s experiments is 4*53. Hence it would seem that the 
ordinates of the curve of coefficient of friction for the earlier bearing, with the 
greater radial clearance, should be 4*53 times the ordinates of the curve for 
the earlier bearing. 

Fig. 10 shows, in solid lines, the curves of coefficient of friction determined 
by Goodman. The dotted curve has ordinates obtained by multiplying the 
ordinates of the lower curve by 4*53 ; hence the relation indicated above does 
not hold good. Consideration of the discrepancy, between the upper solid 
curve and the dotted curve, led to the subsequent stage in the investigation 
and to the determination of a serious flaw in the accepted theory. 

Fundamentally it would seem that with constancy in amount of lubricant 
supplied, a reasonable first approximation in view of the character of 
Goodman’s experiments, a reduction in radial clearance should imply 
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The area under the cross curve of velocity is given by where/ 

is the horizontal intercept between the parabolic arc and its chord at half 
height. But it can be shown that / =: Hence the area under the cross 

curve “ \t(h — ioA®. 

Let be the height of a triangle whose base is u and whose area is equal to 
that un<ier th<i cross curve. Then 


whence 


and 


^iih^ ^ ^uh — ^ oA®, 


2a = 


A-Ai 

A® 


df^ 


dx 



= 6Xm 


A-Ai 


Hence a new definition of h^, namely, that it is the height of a triangle which 
on the same base as the cross curve of velocity encloses the same area. Thus 

is actually a measure of the quantity of flow across the section and there is 
no warrant for its assumed constancy. 

Having determined that is a variable it was necessary to investigate the 
character of the variation. For one value of the eccentricity a fairly extensive 
series of calculations was made on different assumptions as to the variation 
of A^. The two basic assumptions were that the film terminates at the section 
of least chiarance and that the value of A^ is a minimum at that section. All 
the results led, however, to the same difficulty, namely, that of obtaining 
small values of the attitude for other than very small loads, whereas from figs. 1 
and 7 it is seen that a small attitude and a large load are quite compatible. 

In order to surmount the difficulty of obtaining low attitudes with high 
loads it was necessary to re-examine the various essential conditions. In the 
first place it was clear that it must be possible to have the section of maximum 
pressure near to the section of closest approach. It was also clear that the 
inlet value of A* must be two-thirds the inlet value of A in order to give zero 
frictional resistance at entry. Then the development of adequate load- 
carrying capacity at a high eccentricity demands a considerable length of 
film, on both sides of the section of maximum pressure. IRus consideration, 
in association with the requirement that the section of maximum pieesuie 
must have a possible position near the section of closest approach, in other 
words, in association with the condition that A^ may have a possible value 
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only slightly greater than the minimum value of A, led to the conception that 
may have an increasing value in the outlet region. Here again is the basic 
oondition that the outlet value of h} is four- thirds the outlet value of A. It is 
fully realized that the argument for this limitation cannot be substantiated 
like the argument for the limitation at the fore end. The condition is, however, 
first suggested by analogy ; the suggestion is then supported by the difficulty 
of conceiving a journal to be pulled round by its lubricant. Then if increase 
of A^ in the outlet region were to be ruleti out as imjustifiable it would be 
impossible to obtain a reasonable pressure curve for the outlet region at low 
eccentricities. 

Hence the introduction of a new conception, namely, increasing value of A^ 
in the outlet region, in other words, side inflow of the lubricant in that 
region. 

When the logic of events imposed this conception of side inflow in the outlet 
region the author recalled a conversation he had, some three years ago, witJi 



M. Henri Brilli6, who has been responsible for a new arrangement of oil grooving 
in the “ shoes ” of thrust blocks on propeller shafting in ships of the Compagnie 
G^n&ale Transatlantique. A typical thrust shoe is indicated in fig. 12. On 
the face of the shoe there is a number of " basins,” or radial grooves with closed 
ends, a od the lubricant is drawn up from a “ sump ” in the thrust^block by 
the on the shaft. When the shoes were examined it was found that 
there were clear indications of the path of the oil from groove to groove. The 
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approximate boundaries of the oil path are indicated in fig. 12. An enlarged 
section in way of two grooves, with the vertical scale considerably enlarged, is 
also shown in fig. 12. Consideration of this section leads to the thought that 
increasing pressure in the lubricant occurs in way of the “shoulder,” or 
approximately wedge-shaped portion, of the groove and decreasing pressure 
over the long flat portion of the shoe where the space between shoe and collar 
is parallel. Thus there is here evidence, admittedly fragmentary, which sug- 
gests the actual orourrence of side inflow. 

A final set of load calculations was developed taking account of the various 
factors that have been discussed above. An outline of the method of calcu- 
lation is given in some following paragraphs, partly on the ground that the 
ultimate results are of such a character that the method of attaining them 
should be open to full scrutiny, and partly on the grormd that the method seems 
to be of service in elucidating the results of further experiments. 

For each value of the eccentricity a series of positions of the section of 
maximum pressure, in other words a series of values of 6' measured from the 
section of closest approach, was chosen. Then for each value of 6' a series of 
extents of film on each side was chosen. For example, referring to fig. 13, for 
0"7 eccentricity, and 0' = 19°, the inlet extents of Mm, from 6', were 20°, 40°, 
60° and 80°, and the outlet extents, also from 8', were 10°, 16°, 20° and 25°. 
For each partial film thus chosen the values of h were calculated from the 
expression h — r {1 ejr cos 6), r being taken to be unity. The inlet and 
outlet values of were taken at two-thirds and four-thirds, respectively, of 
the appropriate values of h, and the variation of along the film was taken to 
be parabolic, with the vertex at the section of maximum pressure. 

In this way there were obtained four sets of values of dp/dx for the inlet 
region and fo\ir for the outlet region. These were plotted on a common base- 
line as shown in fig. 13. As a matter of convenience the base-line was made 
10 inches long, so that there was a difierent angular scale for each curve ; also 
as a matter of convenience the scale for dpjdx was different for inlet and outlet 
regions. 

The areas under the curves of dpjdx were measured by planimeter, corrections 
applied for the difierences in scales, and the results plotted as shown in fig. IS. 

Now the condition of equality of pressure at the ends of the film demands 
equality of area under associated curves of dpjdx for inlet and outlet regions. 
From the curves of area it is possible to determine a wide range of associated 
inlet and outlet curves which will give equality of end pressure, the equal 
pressures being taken to be zero. For example, from fig. 1 8 it is seen that inlet 
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extents of 20®, 41*2® and 66*16® must be associated respectively with outlet 
extents of 13*02®, 20® and 25® to give equality of end pressure. Transforming 
these values into angles measured from the section of closest approach the 
associated angles become : — 

6^ == + 39® ; 00 == + 6*98® 

01 -= + 60*20®; 00==: -1® 

6j== + 86*16®; 00= -6® 


80 ^ 



For each film whose angular extent is given above a fresh set of values of 
dpjdOf was calculated and plotted as shown in fig. 14 ; the 10-inch base line 
was adopted throughout. Then from the curves of dp/dx the curves of pressure 
were detennined by planimeter. The three pressure curves for 0 • 7 eccentricity 
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aod 6' = 19° are also shown in hg. 14, the carves being denoted by the angular 
position of the inlet end of the film. The pressure curves are the actual areas 
in square inches under the curves of dpfix. They represent the pressure along 
a central radial plane after account has been taken, in principle, of the effect 
of side flow in modifying the pressure. 

Incidentally an advantage of this graphic method of treatment is that the 
calculation.s are practically “ self-checking.” An error in the calculation of 



dp/dx is at once disclosed as an “ unfair ” spot on the curve. And the require- 
ment that the terminal spot in the pressure curve shall be zero is a severe test 
of the accuracy of the calculations and of the integration by planimeter. 
Taking the error to be measured by the relation between end and maximum 
ordinates the average amount for the 61 pressure curves actually plotted in 
this stage of the investigation was only slightly more than three-fourths of 
1 per cent. 

For each pressure curve the magnitude and direction of the resultant load 
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was detetminsd by xaeazus of a polygon of forces* For this purpose the base- 
line was divided into 10 equal parts ; each vector was the mean pressure over 
the section, and its angular position was readily calculated from the determined 
inlet and outlet angles. All the polygon resultants were measured in square 
inches of area under the curves of dpjdx* 

The final stage was the translation of square inches of area into load. 

The basic values are ; — 

X=r:7*73 X 10 “Mb./in.« 
u =5 300 revolutions per minute 
^ 94*25 in./soc. for a 6 -iiich journal, 
r ==.0*0172 inch. 

A — . 

To convert — 7 ;; — into inch units divide by 1*72* X lO""^. Whence to con- 
vert nominal values of dpjdx into Ib./inch units multiply by 

6 X (7-73 X 10-») X (94-25) x {■^^) = 1-477 X 10*. 

Circumference of journal subtended by one degree = 5-24 x 10~* inch. 

One square inch under curve of dpjdx 

~ 1-477 X 10* X (units of dpjdx per inch) X (degrees per inch X 
5-24 X 10-*) 

= 7-74 X (units per inch) x (degrees per inch), 

where the number of degrees is the total extent of the film. This enables the 
ordinates of the pressure curves to bo measured in Ib./in.*. 

£a(jh pressure vector operates over a length of 1 inch on the diagram, repre- 
senting a length along the bearing of (1 X degrees pet inch x 5-24 x 10“*). 
Whence the load per inch of axial length of bearing is given by 

polygon resultant in square inches 
X 7*74 X (units per inch) 

X (degrees per inch) 

X (degrees per inch x 5-24 x 10“*). 

Finally, the bearing is 3 inches long, whence the load is given by 

polygon resultant in square inches 
X 1 '125 x (units pet inch) X (degrees per inch)*. 
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The values of load and attitude determined in the manner outlined above 
were plotted on a base of where is the inlet angle, and aero angle is at the 
section of closest approach. The results for 0*7 eccentricity are shown in 
fig. 16 ; the actual calculation spots are marked in order to give a final indica^ 
tion of the accuracy of the method. 

Now from fig. 1 it is seen that at 0*7 eccentricity the attitude is IS/li®. Two 
lines covering this range of attitude are plotted in fig. 15. Take first the 



lS'’-line ; from the diagram it is seen that at a 6' value of about 10*25° the load 
is 930 lb. ; similarly, for the 14° -line, with a 6' value of about 9*4°, the load is 
1900 lb. These values are plotted on the left-hand diagram of fig. 9, to form 
the horizontal sides of a rectangle, and they envelop all the ejqietunental 
values. 

From fig. 2 it is found that at 0*7 eccentricity’ the attitude given by curve 
Q2 is 21*26°; curve G3 can not be brought into the cmisideration because all 
the information as to load-carrying, etc., is not available. A 21‘26°-lhM is 
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also drawn in fig. 16, and it is seen that with a 6' value of 17*26° the kutd is 
950 lb. But this value is for a radial clearance of 0*0172 inoh uid for 300 
revolutions per minute, whereas the experimental records ate for a clearanoe 
of 0*0036 inch and 200 revolutions per minute. Hence Hie calculated spot 

must be multiplied by f — — - i x ~ and becomes 13,020 lb. Similarly with 
\0*0UoO' 30U 

a 6' value of 16 the calculated load is 1670 lb., which, on correction for 
clearance and speed, becomes 21,600 lb. 

These corrected values are plotted on the right-hand diagram of fig. 9 and 
envelop all the experimental values. 

In the same way the experimental values have been enveloped over a range of 
eccentricities. The envelopment is incomplete only at 0*9 eccentricity ; this 
lack of completene-ss demands a word of explanation. From fig. 16 it is seen 
tJiat the higher loads are associated with the lower values of O'. For 0*9 
eccentricity the obtaining of a load sufficiently high to envelop the experi- 
mental values requires a value of 6' about, or less than, 1^. Unfortunately 
such a low value of 0' with a high eccentricity results in the differences to be 
treated in the calculations being too small for correct handling with the means 
available. Thus the failure at 0*9 eccentricity is one of means and not of 
method. 

When comparing the calculated and experimental results in fig. 9 it miistbe 
borne in mind that the calculated loads are based on the pressures in central 
radial planes, and do not take account of the axial reductions in pressure. 
In order to allow for the axial reduction the calculated loads should all be 
about 20 to 30 per cent, greater than the experimental loads. For illustrative 
purposes, however, it was considered desirable to seek for envelopment rather 
than for the more accurate result which does not actually present any difficulty 
in principle. 

Tbe final diagram, fig. 16, illustrates, in solid lines, three pressure curves 
determined experimentally. A,” with one point of inflexion, is from Good* 
man’s 1928 paper, the questionable spots obtained by tilting the bearing being 
ignmed. B,” without any point of inflexion, is from Goodman’s 1932 paper ; 
the actual spots taken from the published diagram are marked. '' C,” with 
two points of inflexion, was obtained by Stanton and is taken from fig. 36 of 
his bo<dc on “ Friction.” The three curves were chosen to illustrate three 
eluuraoteristtcs, and the dotted curves, obtained by calculation on the bases 
discussed above, reproduce the three oharacteristios. Moreover from the 
available evidence it is known that the experimental curve '' A ” is for high 

2 % 
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eooeatricity, and curve “ B" is for low eooentridty ; the oslcuiated carves 
are for high and low eccentricities. 

A point of importance in oonneotion witdi curve “ C ” is that when analysing 
the results Stanton assumed that the point of inflexion on the outlet r^ion of 
the curve corresponds to the section of nearest approach of journal and bearing. 
This assumption could, however, be justified only if the bearing were of infini te 
axial length and there were no axial flow of the lubricant. As a matter of 




interest the point of inflexion on the calculated curve is at a, whereas the section 
of nearest approach corresponds to b. 

It now seems desirable to summarize the arguments developed above. 

In the first place it is clear that the existing theory is seriously at fault as 
regards the definition of and the implied constancy of this quantity. In 
fact can be constant only in the unreal case of a bearing of infinite axial 
length. 

Then there is another flaw in existing theory in that it does not allow for the 
existence of limiting sections for the bearing film and so leads to the sup* 
position of a completely imreal state of afiairs in the region of the “on” 
extremity of the bearing. 

When a reasonable assumption is made as to the variation of when a 
reasonable condition is taken to govern the state of afEaus at the inlet end of the 
bearing film, and when a reasonable assumption is made as to the state of 
sfEairs at the outlet end, it is possible to obtain very full agreement between 
calculation and experimental results as regards attitude, eccentricity and load* 
oarrjdng capacity. Possibly more important, however, than the agreement 
between calculation and e:iqieriment is a general consideration, namely, l^t 
the underlying thesis implies the inter-dependence of eccentricity, attitude, and 
extent of film, although the relation varies with the radial clearance ; the 
experimental evidence in itself fully snpports this implicatimt 
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The agreement between calculation and experiment may not, however, 
be stressed beyond the point that the thesis underlying the calculations is 
sound in principle. There is no reason why the variation of should be 
exactly as assumed in the calculations ; nor is there indeed any reason why 
the variation of should follow the same law throughout the whole range of 
eccentricity values. Further, it would seem to be a reasonable generalization 
that for <;onBtant quantity of lubricant supplied the thickness of the bearing 
film at the inlet end should be the same, whatever be the radial clearance and 
the eccentricity ; whence for constant eccentricity the bearing film should 
extend very much further with a radial clearance of 0*0038 inch than with a 
radial clearance of 0*0172 inch. This is not borne out by fig. 15. But the 
discrepancy here raises the question whether under the experimental (‘onditions 
there was exa<‘.t constancy in quantity of lubricant supplied. The determinar 
tion of an exact theorj^^, based on accurate knowledge of the manner of variation 
of demands further experiments in which the amount of lubricant supplied 
is accurately known. 

To revert to generalization from the calculation results it would seem that a 
diagram such as fig. 15 embodies also all the information for bearings of varying 
axial lengths. For instance, if for a particular axial length the value of 
were 60'^ and the attitude 12"^, an increased axial length would probably 
correspond to a reduced attitude, say 5'^, with the load, per unit lengthy corre- 
spondingly increased. 

Finally it seems desirable to give one figure illustrating the accuracy of 
workmanship and measurement necessary in experiments on film lubrication. 
With the bearing of small radial clearamie the highest eccentricity value shown 
on Goodman’s diagram of coefficient of friction is 0*8(), Hence the least 
thickness of film was 0’14r x 0*0038, —0*000532 inch, or about one-tenth 
of the thickness of a sheet of common foolscap. 

Summary. 

There is an assumption as the basis of nearly all the mathematical investiga- 
tions based on Reynolds’ original paper. It is that the length of the brass 
determines the length of the oil film which is under pressure. This assumption 
leads to an unreal conception of the velocity conditions at the inlet end of the 
film, it leads to unjustifiable curves of pressure along the film, and it does not 
give results which can be harmonized with the results of experiment* 

When consideration is given to the character of the curves of velocity across 
the film, from fixed surface to moving surface, it is seen that extent of brass is 
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oot a material factor in the problem and that the extent of tike film is 
determiaed by other considerfttiona. 

Comparison of the experimental result® recorded by Goodman in 1928 with 
those recorded by him in 1932 leads to the discovery of a serious flaw in the 
statement of the fundamental equation of Keynolds, namely, 


^.= 6i» 

ax 


¥ 


Accepted theory, and all mathematical developments, take to be the height 
at the section of maximum pressure and so to be a constant, is, however, 
a variable, and is a measure of the quantity of flow at any section. From this 
fact springs the necessity for dealing with the matter of side outflow of 
lubricant ; and this, in turn, introduces a new conception, namely, side inflow. 

On these modified conceptions it is shown that for any radial clearance the 
coefficient of friction is dependent upon eccentricity alone ; Goodman has 
tested this thesis and shown it to be true. 

Further, on these modified conceptions it is possible to obtain agreement 
between experiment and calculation both as regards load-carrying capacity 
and attitude-eccentricity locus. 
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Ths Pfwotjpal Muguetic Susceptibilities of sokw Pciraitux^netic 
Crystals at Low Temperoium. 

By L. C. Jackson, M.Sc., Ph.D. 

(H. H, Will#’ PhyBioal Laboratory, University of Bristol.) 
(Communicated by A. P. Chattock, F.B.S. — Received January 19, 1933.) 


Ifitroduction. 

Our knowledge of the temperature variation of the principal susceptibilities 
of paramagnetic crystals is as yet fragmentary. The principal susceptibilities 
of a number of paramagnetic crystals have been determined by Finke^ and 
by Babif at room temperature but the first measurements on orientated 
crystals over any range of temperature were those of Foiix.+ He has published 
the principal sasceptibilities of siderose (a mineral which is mainly ferrous 
carbonate but whi(jh contains appreciable quantities of the carbonates of 
manganese and other metals) over the range 87° to 400° K. and some measure- 
mentB but not actual principal susceptibilities for manganese sulphate, 
MnSO^ . 4tHgO* The writer§ measured the principal susceptibilities of cob^t 
ammonium sulphate and nickel sulphate, NiS 04 . 7HaO over the temperature 
range 14°-290° K. and the writer and de Haas|j have published measurements 
on manganese ammonium sulphate crystals over the restricted range 14°“-20° K. 
In addition Dupouy^f has repeated Fodx’s observations on siderose and has 
measured the principal susceptibilities of dialogite^* (a naturally occurring 
manganese carbonate) and oligist (Fej|Os), all over a small range of temperature 
above 0° C. 

♦ ‘ Ann. Phyrik; vol 31, p. 149 (1910). 

t * Phyi. Rev.; vol. 30, p. 174 (1927). 

X * Dbaertation; Strasbourg, 1921, ‘Ann. Physique,’ vol. 16, p, 174 (1921). 

§ ‘ Dissertation; Leiden, 1923, ‘ Phil. Trans.,’ A. vol. 224, p. 1 (1923). 

(I ‘VorsL gewone, Vergad. Akad. Amst.,’ vol. 36, p, 1117 (1927); ‘Commun. Phys* 
Lib, Univ. Lsidien; 187c. 

f * Aim. Physique; voL 16, p. 496 (1981). 

Dupouy finds that the snsoeptihilities of dialogite in the difierent direotioaB in the 
oryital are vwy nearly equal and that the 1/x . T curves are straight lines which are very 
nearly p a ra M . Both these results are to be expected with a manganous compound but 
the actual values of the susoeptMitiee are much smaller than would be expected, vis., 
1*7 X 10**« instead of about 120 X lO"*. 
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Quite recently Bartlett* has employed Rabi’s method to determine the 
principal susceptibilities of the following compounds, 0)804 . 7HgO, 
C0SO4 . (NH4 )jS 04 . 6H4O, CoSO4.KjSO4.6HjO, CuS 04.(NH4),804.6H,0 
CUSO4 . KaS04 . 6HjO, NiS04 . (NH4)jS04 . 6HjO over the temperature range 
— 46° to +65° C. In the writer’s opinion, however, Bartlett’s procedure is 
liable to several objections. 

On the theoretical side, considerable progress has been made within the last 
few months in the quantum mechanical treatment of the paramagnetic proper- 
ties of crystals by Van Yleckf and his school. Following up the work of BetheJ 
and Eramers§ they have made a beginning with the calculation of the principal 
.susceptibilities, allowing for the effect of the electrostatic field of the atoms or 
ions surrounding the magnetic ion. 

Thus Kramers and Van Vleck have been able to .show that the presence of 
these electrostatic fields is sufficient to explain the partial or complete sup- 
pression of the 1-moment observed in the ions of the elements of the third row 
of the Periodic Table. Measurements of the susceptibilities of solutiorts or 
powdered salts have shown that for the ions V*"*" to the «-moment only is 
effective, through the complete suppression of the 1-moment. The ground 
state of the next ion, Mn*"*" or Fe*'*’ is *8 and so for this also the s-moment only 
is present. With the ions Fe*"*" to Cu* ^ the electrostatic field causes an un- 
coupling of the I and s vectors and partially suppresses the ^moment. The 
theory further indicates that for those ions in which s-moment only is present 
or effective one must expect that crystals containing these ions will be nearly 
magnetically isotropic, independently of their crystallographic symmetry. 
On the other hand crystals containing Co*'*' will show relatively large differences 
of susceptibility in the different directions because in this ion the 1-moment is 
suppressed to the least extent among the elements under consideration. 

Furthermore the theory shows that unless the crystalline eleotrostatio 
field possesses almost cubic symmetry one should obtain three different Curie 
constants and three different A’s in the expression x (T + A) = C for the 
principal magnetic axes of the crystal. Thus the 1/x • T curves of the principal 
susceptibilities of a crystal for not too low temperatures will generally be 
straight fines but these need not necessarily be all parallel. 

* ‘ Phys. Rev.,’ vol. 41. p. 818 (1982). 

t Van Vteok, “ The Theory of Electric and Magnetic Sneoeptibilitiee,” Oxford, 1982 ; 
‘ Phys. Rev.,’ vol. 87, p. 467 (A) (1931) ; vol. 41, p. 208 (1932) ; Penny and Schlapp, ibid., 
vol. 41, p. 194 (1932). 

t ‘ Ann. Physik,’ vol. 8, p. 188 (1929). 

§ ‘ Proo. Acad. Sksi. Amet.,’ vol. 32. p. 1176 (1929) ; vol. 88, p. 908 (1980). 
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The present paper deals with nxeaBurements over the temperature range 
70® K to 300° K. of the principal susceptibilities of several crystals containing 
the ions Mn*^ and (and preliminary results for one containing Cr®'^) as 
examples of s-moment ions and of C 0 SO 4 . THgO as an example of a cobalt 
salt. In addition the principal susceptibilities of potassium ferricyanide are 
given. This substance is an extimple of a tjo-ordination compound to which the 
above considerations do not apply immediately but for which theory suggests 
that the spin moment of one ele<itron only contributes to the magnetic moment. 


Apparatus and Exjterimental Procedure. 


The susceptibilities corresponding to various directions in the crystals were 
measxired by the Faraday method in which the force exerted by the non-homo- 
geneous magnetic field on a small specimen is determined and the susceptibility 
deduced from the expression 


F 




in which F = force, x* = specific susceptibility in direction of field, H ~ m mass 
of specimen, gradient of field in direction in which F is measured. 

The apparatus employed was based on a design described by Sucksmith* 
but adapted for use at low temperatures. In this nn^thod the force on the 
specimen is determined from the deformation of a ring of strip phosphor- 
bronze fixed at the top and subjected to the force at the bottom. Fig, 1 
shows the essential parts of the arrangement. The crystal specimen C is 
attached with a minimum amount of “ Diirofix ” diluted with amyl acetate 
to the table of the small quartz frame shown. The ground surface of the table 
was made accurately perpendicular to the quartz rod to whicli the frame is 
attached. A small brass fitting F allows the rod to be rotated, so that after 
the rod has been adjusted to be accurately vertical, the desired plane of the 
crystal can be set perpendicular to the direction of the magnetic field, by a 
method mentioned later. 

The quartz rod and crystal carrier are attached to the cirf^ular ring R of 
strip phosphor-bronze by means of a thin brass rod and a screw-coupling not 
shown in the figure. (Diameter of ring = 6 cm., width of strip = 2*6 mm., 
thiekness of strip =*0*076 mm.) The ring carries two small plane mirroiB 
M, and M*. The position of the suspended system can be adjusted by means 


♦ » Phil. Mag.,’ vol. 8, p. 168 {1»2»). 
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of tko scrow*aUdeB shown and the final adjustment of the height of the crystal 
can he made by adding or removing the small weights w. These weights can 
be manipulated without openmg the upper part of the apparatus by means of 
a hook provided with a handle which is attached by a short length of flexible 
rubber tube to the back of the cylindrical case housing the upper part of the 
apparatus.* The front of the cylindrical case is closed and made airtight by 
means of a thick plate-glass window which permits a view of the phosphor- 
bronze ring and its subsidiary fittings. 

A ring of wire r supported from the rod, which carries the quartz frame, etc., 
by a wire frame perpendicular to the plane of the ring R, Ls immersed in oil in 
the annular trough D and serves to damp the oscillations of the suspended 
system. A flat spiral spring of thin phosphor-bronze S serves to prevent the 
crystal being pulled sideways towards the pole-pieces. The movement of the 
crystal and frame under the influence of the magnetic field is thus accurately 
vertical. 

The crystal and its carrier hang in a long tube the upper part of which is 
made of thin nickel-silver, and the lower of thicker copper to promote uniformity 
of temperature in the neighbourhood of the specimen. A platinum resistance 
thermometer, specially wound and calibrated for low temperatures, is placed 
at the end of the tube immediately below the crystal carrier. This tube is 
surrounded by a Dewar vessel, as shown, which is filled with the various 
liquefied gases, which serve to provide the constant low temperatures required. 
The Dewar vessel is supported by the bolts shown and the joint between it 
and the rest of the apparatus is made gastight by means of the wired-on rubber 
ring R.R, The liquefied gas is filled in through a small side-tube. The gas 
from the evaporating liquid leaves by the tube shown dotted and may pass 
either direct to a gas-holder or the atmosphere outside the building or through 
a vacuum pump by means of which the liquefied gas may be made to boil 
under known reduced pressures. By means of the ground- joint, G, the sur- 
rounding tube and Dewar vessel can be removed to allow of the (crystal being 
changed. After a specimen has been mounted, the tube in which it hangs and 
the upper cylindrical case are evacuated through the tube T and then filled 
with hydrogen. 

The electromagnet is mounted on a screw-actuated slide so that it can be 
withdrawn when the Dewar vessel, etc,, have to be removed. Flat pole-pieces 
of 10 cm. diameter and a pole-gap of 3 cm. were used so that a constancy of 

* Wot a of such an arrangement see * Commun, Phys. Lab. Univ., 

No. we, 6. 
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KdEL/dy over the required voluiue could be obtained. The maximum field 
strength employed was about 10,000 gauss. 

Light from a distant source passes through the lens L and after reflection at 
the mirrors and Mg passes through the plane-glass window W and is observed 
with the aid of a travelling microscope placed somewhat more than a metre 
from the apparatus. A calculation* shows that with the dimensions as given, 
the movement of the crystal is magnified about 100 times at the microscope. 
The zero of the system is extremely stable and the relation between force 
applied and deflection is accurately linear over the whole xiseful range. 

The apparatus was calibrated by placing small ( ylindrical glass containers, 
of the same volume as the average crystal to be used (average mass of specimen 
= 150 mg.), and filled with a powdered salt of accurately known susceptibility 
such as ferrous ammonium sulphate, on the crystal carrier and measuring the 
deflections over a wide range of currents through the electromagnet. The 
results were checked against those obtained with other powders, allowance 
being made, of course, for the actual temperature at the time of the measure- 
ments and for the deflections due to the carrier and tlie empty container. The 
deflections due to the carrier were also measured over the whole range of 
temperature employed so that the necessary corrections could be applied to 
the observed deflections w*ith the crystals. 

Measurements were made on the various crystal specimens at room tempera- 
ture, in a mixture of solid carbon dioxide and alcohol, in liquid ethylene, and 
in liquid oxygenf boiling under various pressures. With liquid oxygen as 
cooling agent the temperature was generally taken from the vapour pressure 
of the liquid but at higher temperatures the readings of the platinum thermo- 
meter were always taken. The closed form of the cooling system was chosen 
to make it possible to work with the liquefied gases under reduced pressures 
and also to allow of the extension of the measurements to lower temperatures 
later. 

The orientation of the crystal specimens was carried out as follows. The 
specimen was attached to the table of the crystal holder in such a way that the 
face (natiaal or ground), which was to be arranged perpendicular to the lines 

* See Suoksmith* kc, cU, 

t There is no objeotion to the use of liquid oxygm (which was madily obtainable in an 
adequately pure state) in the present experiment in spite of its strong paramagnetism 
because the speoimais are surrounded by an atmosphere of hydrogen and do not come into 
direct contact with the cooling bath. A calculation shows that the magnetic shjelding due 
to the cylindrical layw of liquid oxygon is altogether negligible. 
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of force of the magnetic field, was vertical. A small plane-mirror was tempor- 
arily attached to the face in question, and the adjustment to perpendicularity 
with field made by an auto-collimation method similar to that employed by 
Fofex,* the necessary rotation about a vertical axis being provided by the 
fitting F. The method used allowed one to adjust the crystal fact to the 
re^[uired direction with an accuracy of a few minutes of arc which was ample 
for the pr^^sent purpose. 


Experimemtal ResuUs. 

a-mofmtU lorn , — The principal susceptibilities of the following compoimds 
have been measured, MnS04 . {NH4)2804 . 6Ha(), MnS04 . SHaO, MnS04 . 
4 HaO, Fe (CH^COCH COCH8)3 (ferric acetylacetonate), K3 [Fe (0304)31 . 3H3O 
(potassium ferrioxalate). Preliminary determinations have also been made 
with Kg [Or (0304)3] . SHjO (potassium chromioxalate). Previous determina- 
tions by various workers of the susceptibilities of solutions or powdered 
specimens of the substances in the above list have shown that the magnetic 
moment is about 29 * 2 Weiss magnetons, in entire agreement with the theoretical 
value for a ^85/3 ground state. 

It would thus be expected that crystals of all these salts would be found to 
be magnetically isotropic and this is indeed so. At room temperature the 
measured susceptibilities in the diSerent directions for no crystal difiered by 
much more than 1 per cent, from the mean value for the three principal axes. 
This result thus confirms the previous determinations in which gadolinium 
ethylsulphatef (monoclinic) and manganese ammonium sulphatej (mono- 
olinic) crystals were shown to be magnetically isotropic to within less than 1 per 
cent. ; the ground state of the ion is in each case an S state. 

The preliminary measurements on Kg [Cr (€304)3] . SHgO indicated that this 
crystal too is isotropic to within 1 per cent, in agreement with theory for an 
ion, the l-moment of which is completely suppressed by the crystalline field. 

Manganese Ammmkm Sulphale. — It is somewhat difficult to obtain this 
substance, which crystallizes in the monoclinic prismatic class, in large, well- 
lanned, perfectly clear crystals. It shows a considerable tendency to produce 
cloudy crystals when grown by slow evaporation at room temperature. Prom 
several crops of crystals one can, however, pick out a number of perfectly 
transparent ones suitable for the magnetic measurement's. 

• Sae ‘ Ann. Physique,* vol. 16, p. 174 (1921). 

t Jaokson. and Kameriingk Onnee, *0. B. Acad. Sci. Paris,* vol. 177, p. 154 (1923). 

X Babl, ‘ Phys. Rev.,* vol. 30, p. 174 (1927). 
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The results given in Table 1 may be taken as typical of any dicectaiHi in the 
crystal to an accuracy of about 1 per cent.* No attempt has been made to 
calculate the position angle v}' (eee later) for any of the s-moment crystals as 
the measured differences arc too small to permit this being done with uiy 
accuracy. 


Table I.— MnSO, . (NHt)^Ot . 6H,0. 
Crystals. X to (010)-(6). 


T. 

X X !<>*■ 

*'m. 1 

1 

x'^(T-+-0-7). 

291-8 

37-2 

0 0147, 

4*31 

1991 

64-6 

0 02164 

4*31 

90*2 

120*8 i 

0*0474, 

4 31 

86*1 

126 0 

0*0494, 

4*29 

80*3 

134*2 

0 06264 1 

4*27 


x' » moleoular suacoptiUUty oorreoied for diAmAgnetUm of anion, waior of crystallisation, 
etc. ^ 


Manganese ammonium sulphate crystals thus obey the law x (T + A) « 
constant with a very small value of A (= 0®-?), The Weiss magneton number 
calculated from the above results is 29*2. These observations are thus in 
reasonable agreement with the measurements on powdered manganese 
ammonium sulphate between 290® K. and 14®'5 K.,t which gave = 37*8 x 
at room temperature, with a magneton number of 29*2, the substance 
following Curie’s law xT = constant. 

Measurements made on cloudy specimens gave less concordant results in 
which values of A of a few degrees were found. This observation probably 
furnishes the explanation for the larger differences of susceptibility in the 
different directions in the crystal found by the writer and de Haas^ in their 

* Eabi (‘ Phys, Rev./ vol. 30, p. 174 (1927) ) using a method which gives ^ diieotly, 
has determined the principal susoeptibilitiee of this oiystal at room temperature. In 
agreement with the above* be finds that the principal suaoeptibiHties are the same to 
within 1 per cent, but his actual values areas follows Xi 34*8 x lO"*, Xt 84»2 x 10***, 

Xs ^ 34*d X lO-**, 4' ^ 14^ giving a Weiss magneton numbatr oi 28*1, aasuming Oozie’s 
law. Several crystals were encountered in the present work which gave ausoeptilnlities 
very nearly equal to 34*3 X 10”*, and a Weiss magneton number of about 28*2 from the .. 
temperature variatkm of the susoeptibility. All these oiystals were, however, fostid to 
have cracked after the measttiements, showing that originally they were sis^alned, or in 
some other way imperfect. 

t Jaoksou and Kam^ingh Onnee, * Proc. Boy. 8oc./ A, vol 104* p. 671 (1928). 

X * Verslag.gewone Verged. Akad. Wet. Amsterdam,’ vi^ 86,p. 1117 (1927); ’Ooinmon. 
Phys. Lab. Univ. Leiden,’ No. 187 o. 
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measurements in the range of temperatures 20^-14® K. For this work larger 
crystals were necessary (about \ gra. weight for the prepared section), and as it 
was found very difficult to grow perfectly clear crystals large enough to permit 
sections of this size being ground from them, somewhat cloudy specimens had 
to be used.* 

Mangawse Sulphate. — A ntimber of diflterent hydrates can be obtained by 
the crystallisation of manganese sulphate from aqueous solutions at different 
t/emperature 8 » Slow evaporation at room temperature leads to the formation 
of the triclinic pentahydrate MnS ()4 . bH^O, while the monoclinic tetrahydrate, 
MnSO^ . 4 H 2 O crystallizes out bc^tween 30° and 40° C. 

MnS 04 . SHjO. — This substance tends to dehydrate when left in the air 
but with optically clear crystals the change is sufficiently slow for a set of 
observations of the susceptibility in any one direction to be determined over 
the range of temperature used. Observations with several crops of crystals 
showed that at room temperature they are magnetically isotropic to within 
1 per cent. The results in Table II may be taken as typical of this substance. 


Tabic IL— MnS 04 . SHgO. 
Crystal 1. || c axis. 


T. 

X ^ 


x'„(T + 3). 

283'2 

60 

0*0147, 

4*87, 

198*0 

90-7, 

0 0219, 

4-43, 

197-8 

91 -6, 

0 0221, 

4-45, 

169-7 

106-, 

0-0255, 

4*41, 

H7-8 

119-, 

0-0280, 

4-36, 

90-3 

194 

0-0409, 

4-883 

90-2 

194 , 

0-0470, 

4-38, 

84-8 

204-, 

0-0494, 

4-34, 

78-8 

1 220-, 

0-0632, 

4 -367 


♦ Krishnan [* Z. Physik.,’ voL 71. p. 137 (1931) ) ha« pointed out that an error was 
made in the oalouladcHi of 4* and hence in Xi and xi hi the paper referred to and has published 
th e ooKveoted vahiee. Althm igh it is more in Srocord with what may be expected a prion 
for a manganous salt to suppose that the 1 /x . T lines for Xi and Xn are straight and parallel 
to of X* at the higher temperatures and curved at the lowest temperatures, the experi- 
mental resuHs cannot themselves distinguish between this interpretation and that sug- 
gested by the writer and de Haas. This can readily be seen by plotting the corrected 
results 5 the points still lie within the experimental accuracy on three straight lines through 
the wigin. Thus though It is agreed that the first interpretation is probably the correct 
one, die observations do not. as Krishnan states, lead quite definitely and exclusively to 
this interpretation. By examining the graphs and comparing them with the A’s in Table 
n of Krishnan’s paper, it will be seen that his calculations of the Curie constants for 17® K. 
and 16® K. have no meaning whatever. 
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The substance follows the law x (T + A) » C with A =» + 3 and the Weiss 
magneton number is 29-4. 

MnS 04 . 4 H 2 O.— Crystallization was carried out at 36® C. and measurements 
were made on several crops of crystals. The greatest difference between a 
crystal susceptibility and the mean value at room temperature was rather 
more than 1 per cent, with this substance. These small differences were 
however, too small to make it worth while attempting t.o calculate the principal 
susceptibilities from the observed values. Table III may therefore be taken 
to represent the results for any direction in the crptal to within 1 to 2 per 
cent. 

It is known that the susceptibility of powdered manganese sulphate* obeys 
approximately Curie's law at high temperature but shows deviations from this 
law below 60® K. It will be of interest to measure the principal susceptibilities 
of the crystal down to liquid hydrogen temperatures, when this temperature 
range becomes available in this laboratory, and the more accurate determina- 
tion of the principal susceptibilities at higher temperatures may profitably 
be left until this is attempted. 


Table III.— MnSO^ . 
Crystal 3. X to (010) . (6). 


T. 

X X 10«. 

^ m- 


290*0 

65 '2a 

0-0146, 

4-27, 

197-6 


0-0214, 

4-27, 

90-3 

206 -a 

0 04624 

4-26, 

84-7 

218-7 

0 0488, 

4-23, 

79-6 

233-, 

0 -06211 

4-247 


The Weiss magneton number calculated from the observations in Table III 
is 29*0 and the crystal follows the law x (T + A) constant with A == -f- 2. 

Fmic AcdylacelmaleX» — ^Measurements on this substance in powder form 
by Welo§ have shown that the magnetic moment of the Fe atom is the same 
as that of the Fe^^ ion in simple ferric salts. In agreement with this, measure* 
ments of the crystal susceptibilities of this substance (=: orthorhombic) have 
* ‘ Commim. Phy». Lab, Univ. Leiden/ No, 132 0 . 

t These values are in general agreenMnt with those published by FoSx, * Ann, Physique/ 
voL 16, p. 174 (1921), for the more limited temperature range 224® K. to 301® K. 

X The writer is indebted to Dr. T. MaUdn and to l>r, 0, H. Johnson, of the Ohemkai 
Department of this University, for the material from which the oiystak of ferric acetyb 
aoetonate and potassium ferrioxalate were prepared 
§ - Phil. Mag./ vol. 6, p. 481 (1928). 
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shown that it is magnetically isotropic to writhin less thiux 1 per cent. Typical 
results are given in Table IV. 


Table IV. -Fe{CH,COCH COCHj),. 



Crystal 2. ± (001) (c). 


T. 

X • i()«. 


r' (T f 4). 

fn 

291 -f» 

42-1, 

O-OlSOj 

4-43. 

198-4 ! 

«2:{„ 

0-0221* 

1 4-48, 

90-3 

i:i2-- 

0 0470o 

! 4 43. 

90-2 

i 132, 

00409, 

4*42^ 

85-2 

140 •- 

0 0498, 

4-44,, 

79-0 

1 

00534, 1 

4-43* 


Ferric acetylacetonate obeys the law x + A) = C with A = -f 4°. 
Weiss magneton number = 29 ■ 6. 

Potassium Femoxalate. — This .substance also possesses the same magnetic 
moment as a .simple ferric salt, and again the cry.stals have been found to be 
magnetically isotropic to within 1 per cent. A typical set of results ate given 
in Table V. 

Table V.-Kg [Pe (CA)^ • SHaO. 


Crystal 2. lie axis. 


X. 

X X 10". 

1 

/ T. 

289*4 

30-5, 

1 

0-0150, 

4-35, 

200-3 

44 -Oa 

0-0220, 

4-41, 

169-6 

52-1* 

0-0257, 

4-36, 

90-1 

HK)-s 

0-0493, 

4-44, 

90*0 

99- 17 

0-0488„ 

4-39, 

83-7 

105-7 

0 -00203 

4-35, 

79-8 

110*0 

0*0541, 

4-32, 

70*6 

127-3 

0-06263 

4-42, 


A =s 0 and the Weiss magneton number is 29-4. 

Potassium Ohromioxalaie.~Many attempts were made to grow crystals of 
tins substance sufficiently large, and of good enough quality to enable them to 
be used to determine the crystal susceptibilities. The attempts have so far 
failed, only somewhat imperfect specimens having been obtained. 

Preliminary observations with these crystals showed them to be magnetically 
isotropic to within 1 per cent, at room temperature. The actual values are 
not given here as they are regarded as provisional only, and it is hoped to secure 
better ones later. 
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CobaU Sidphate , — Cobalt stilphate, v^hm crystallized from aqueous solution 
at room temperature, deposits mouoclimc crystals of the heptahydrate. A 
large number of crops of these crystals were grown and the best specimens 
used for the measurements. 

On account of the difi&culty of^identifying the various faces of this crystal 
by visual inspection only, the specimens used were always mounted on a 
Tutton grinding goniometer, and a sufficient number of angles measured to 
make quite certain of the orientation of the crystal. A plane was then ground 
accurately parallel to the (010) plane, which never appeared as a prominently 
developed face. This then served as the reference plane for the orientation 
of the specimen on the crystal t^arrier of the magnetic*, apparatus. 

To determine the magnetic properties of such a crystal completely the 
susceptibilities in four known directions have to be determined as functions 
of the temperature. It is known from symmetry considerations that the 
principal susceptibility Xa along the symmetry axis of the crystal, i.e., 
perpendicular to (010). A specimen was therefore mounted with the (natriral) 
(001) face on the table of the holder and rotated until the vertical (010) face 
was perpendicular to the magnetic field, the accurate adjustment being carried 
out as previously described. This specimen then gave Xa directly from the 
observations. To determine xi aud Xa and the position angle it was necessary 
to measure the susceptibilities in three different directions (preferably) in the 
symmetry plane. Measurements were therefore made perpendicular to the 
natural faces (101), (001) and (lOl) which were generally prominently developed. 
The specimen was therefore mounted with the (ground) (010) face on the 
table of the holder and so orientated that the required one of the above 
mentioned faces was perpendicular.to the magnetic field. 

It was intended, where possible, to carry out the whole four series of measure- 
ments on the same specimen selected so that it had roughly the same dimen- 
sions in all the required directions. After repeating the measurements with 
other specimens the consistency among the values of the principal suscepti- 
bilities so deduced may be examined. Unfortunately this is not possible 
with cobalt sulphate because the crystal shows a considerable tendency to 
dehydrate. A complete series of observations for one particular direction 
in the crystal only can be obtained before the specimen shows appreciate 
signs of dehydration. It was therefore necessary to measure each of the 
required susceptibilities on a fairly large number of specimens axid, when a 
satisfactory agreement was found, to calculate the principal suso^ibilities 
from the values which best represented the whole of the observational material. 
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These observed values were then plotted and the susceptibilities were read 
off for certain temperatures and used in the calculationB as given below. The 
results 80 obtained are reproduced in Table VI. 


Table VI.-OoSO* . THjO. 
Observed Busceptibilities. 



Xl‘ 


xn- 



1 (010) (6). 


X(001)(c). 


T. 

X X )0*. 

T. 

X X 10*. 

290 


34-8, 

290 



33-7, 

200 


49 Hi 

200 



46-7, 

150 


05-44 

150 



69 -Ig 

90 


104-4 

90 



86-6, 

82 


na 4 

82 



92-2, 

75 


122-9 

75 



07 -Bo 

xra- 

i (101) (p). 

XlV 

l(10J)(r). 

T. 

* 

X X 10*. 

T. 

X X 10*. 

290 


39-84 

290 



33-0, 

200 


68-2, 

200 



45-7, 

160 


78-6, 

150 



57 % 

90 



90 



85-2, 

82 


146*4 

82 



90 -I 4 

75 


162 

76 



96-1, 


The principal susceptibilities and the angle were then calculated by the 
method given by Finite.* 

From the known crystallographic dataf we then have On = 58® 2 ', 
Oui = 14° 40', Oiv = 132° 49', the O’s being the angles between the observed 
susceptibilities and the o-axis. The calculated values of the principal bus* 
ceptibilities are given in Table VII. 

The results in Table VII lead to the following values of A : Aj == — 4, 
A, =* -j- 64, Ag = + 12. The Weiss magneton numbers calculated in the 
conventional way for the three principal directions are then pj 25*3, 
Pi as 26'0, jtf ss 24'3. 

• ‘ Ann. Fhywik,’ vol. 31. p. 149 (1910). 

t Qmth, “ Chemischc Krystallographie," vol. II, p. 628, Leipaig (1908). 


3 A 


VOt. OXIi.— A. 
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Table VII.— C 0 SO 4 . 7HaO. 
Principal Susceptibilities. 


T. 

X, >■ 1<1‘- 


T. 

X, X lO*. 

^ «m* 

290 

39-84 

0 -01131 

290 

32-3, 

0 -00920 

200 

58-3, 

0-0165, 

200 

44-2, 

0 01263 

150 

78-8, 

0-02225 

1.50 

56-2, 

0 01664 

90 

134 „ 

0 -03800 

90 

78-1, 

O-O22O4 

82 

U7„ 

0 0414, 

82 

82-3, 

0-0232, 

75 

162-7 

0 04581 

75 

86*4, 

0-0244o 

1\ 

X, X 10«. 

^ sfn' 

T. 


290 

34 -80 

0-0098, 

290 

-49' 

U2' 

200 

49 -8, 

0-Ol41o 

200 

-50' 

“39' 

150 

65-44 

0-0185o 

150 

-51' 

> 26' 

90 

104-4 

0 -02950 

90 

-52“ 40' 

82 

113-4 

0 032I0 

82 

52' 

5 

76 

122-4 

0-0346, 

75 

52' 

■ 44' 



Tbe values of the reciprocals of the principal susceptibilities corrected for 
diamagnetism are plotted in hg. 2. It will be seen that the 1/x . T curves are 
straight lines, those of Xi and Xi ^**7 nearly parallel. The third sue* 
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ceptibility x,, however, gives a straight line which is definitely not parallel 
to the other two. This result is to be expected ii the crystalline field does 
mot possess approximately cubic symmetry. 

A comparison of the above results with those of Bartlett shows that there is 
a qualitative agreement only, the observed susceptibilities being of the same 
order of magnitude and for each Xi > X» ^ Xs* Finke^s values for the measured 
susceptibilities perpendicular to (010), (001), (lOl) and (101) at room tempera- 
ture, viz., 34*9 X 10 ^, 33-9 X 10^^ 36-1 X 10'», 32-8 X 10 « are, with 
the exception of Xm (JL lOl), in excellent agreement with the present values. 

In view of the complete disagreement with Bartlett’s results and of the 
non^parallelism of all the 1/x • T lines, a check on the results by the following 
method was carried out. A parallel sided section was ground from a crystal 
in a definitely known direction. It was then finished to a cylindrical shape, 
leaving, however, a small strip about 1 mm. wide of a known face parallel to the 
axis of the cylinder. The cylindrical specimen was then mounted on the 
crystal-carrier in a known direction relative to the magnet, the unground strip 
serving as the reference plane. Then the axis of the specimen and that of the 
turn-table of the magnet having been carefully aligned, measurements were 
made of the susceptibility at regular intervals from the datum position by 
rotating the magnet. If now the axis of the cylindrical specimen was parallel 
to the 6 axis of the crystal (the section having been ground perpendicular to 
this) the observations gave directly the value of Xi and Xa and the angle 4^. 
Observations on another specimen could then give Xv The method was very 
convenient as it enabled the uecassary data to be obtained more directly and 
more rapidly than before. 

The results so obtained checked well with those previously obtained. The 
higher value of Xiii gi^n in Table VI was definitely indicated rather than 
Finke’s lower value. The later results have been taken into account in 
Table VL 

Potassium Ferricyanide . — -Potassium ferricyanide crystallizes in the mono- 
olinic prismatic class, p being, however, very nearly 90° (= 90° 6'). This 
substance is very difficult to obtain in sufficiently large perfect single crystals 
as it shows every grade of twinning from two individuals of approximately 
equal size to repeated twinning with microscopically thin lamellae. 

Por the present work two twin crystals, which each consisted of two indi- 
viduals of nearly equal size and showed no extemal signs (such as striated faces) 
of repeated twinning, were taken and one of the individuals ground away 
parallel to the twin plane (100). The individual so left was further ground so 


3 A 2 
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as to be roughly of the same dimoisions in all directions and to present the 
necessary faces for measurement. 

Susceptibility measurements were made in the following directions X (100), 
X (010), II c axis and at an angle 31° 55' to the c axis in the ac plane. The 
observations were plotted and values of x read oft for the temperatoxes given 
in Table VIII. 


Table VIII.— K, [Fe (CN)J. 


XI i (100). 

xn ^ =* 

- ar 55', 

T. 

X X 10*- 

T. 

X X 10*. 

290 

7*43 

290 

6-67 

273 

7^04 

273 

6-08 

200 

10 -44 

200 

8-86 

170 

12*0| 

170 

9-73 

150 

13'44 

150 

10-5i 

00 

20- 1 j 

90 

13-6. 

92 

21-64 

82 

14-1, 

75 

23 1| 

76 

14*74 


xm It c axis. 

^IV 

1 (010). 

T. 

X X 10*. 

T, 

XX 10*. 

290 

6-25 

200-6 

6-00 

273 

6-62 

197*4 



8-20 

90-S 


no 

8-87 

00-3 

IB-Og 

160 

9-42 

84-9 

I 9 -O 4 

90 

n 84 

80-6 


82 

U-6, 

75-7 

22*24 

75 

11-9, 




The principal susceptibilities were then calculated by Fincke's method 
using the following values of <1>, <I>i = 90°, d>u = 31° 66', — 0*. 

The results are given in Table IX. 

The figures in Table IX refer to the observations on crystal 1, our results 
obtained with crystal 2 gave a general confirmation of the data. 

The order of the principal susceptibilities is in agreemoxt with that found 
qualitatively by Ghcailich and von Lang,* vis., a > 6 > c. 

The reciprocals of the corrected molecular susceptibilities ore plotted in 
fig. 3. It will be seen that there is no trace of parallelism between tke IJx . T 


* * SitzBer. Akad. WJss. Wien,' B, voL 92, p. 4S (19M). 
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Table IX.— Kj [Fe (CN)J. 


T. 

r. X 10*. 


WBM 

X 

0 

^ IW* 

290 

7-43 

0-0026S, 

290 

6-26 

0-00217, 

273 

1 7-84 

0 -002701 

273 

6-62 

0-00240, 

200 

! 10-44 

0-00355, 

200 

8-20 

0-00281, 

170 

i 12-0, 

0- 00409 j 

170 

8-87 

0-00304, 

150 

13-4* 

0-00454, 

150 

9-42 

0 -003221 

00 

20-14 

0 -006750 

00 

11-3, 

0-00384j 

82 

21-67 

0-00726, 

82 

11-6, 

0-00396, 

75 

1 

23-1, 

0-00775, 

75 

*1-9, 

0-00406, 

T. 

X, X 10«. 

^ 3l/»* 

1 

T. 


290-6 

6-90 

0-00241, 

290 

^89 

^28' 

197-4 

101, 

0-00344, 

273 

--91 

o^y 

90-3 

19 0, 

0-00630, 

200 

-90 

58' 

90-3 

18-9, 

0 -000351 

170 

-89 

° 22' 

84-0 

19-94 

0-006600 

150 

*^89'^ 28' 

80-6 

20-9, 

0-00701, 

90 


" 55' 

75-7 

22 ■ 2 „ 

0-00742, 

82 

--88 

• 15' 




75 

*-87 

”57' 



curves. The experimeutal accuracy of the points at 200° K. and 273° K. 
(1-2 per cent.) is not sufficient to enable one to state definitely whether the 
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curve for should be drawn as two intersecting straight lines (full curve) or as 
a continuous curve (dotted). The departure from a single straight line is, 
however, quite definite as will be seen by plotting the observed susceptibilities 
Xi? Xii» Xiii* Tte kink or sharp b^nd in the 72 ourve at about 240® K. may be 
caused by some change in crystal structure which affects the crystalline field 
more strongly in one dircjction than in others. 

Many instances are already known of kinks or sharp bends occurring in the 
1 / 7 . T curves for powdered paramagnetic substances. In particular Welo* 
has found such a change of slope at 340® K. for pow^dered potassium ferri- 
cyanide and Ishiwara’sf results for the temperature range 165® K. to 260® K. 
indicate that a second change of slope has probably occurred at about 250® K. 
The 1/x . T curve for the mean of the principal susceptibilities derived from 
the present results shows a small bend or kink near 240® and is not in dis- 
agreement with previoiis published work on the powdered material. 

The anomaly in the behaviour of 7 ^ may possibly be due to the specimen 
conceivably being a repeated twin with microscopically thin lamellce, though 
the connection is not obvious. It was intended after the measurements to 
grind sections from the spcjcimens perpendicular to the twin plane and examine 
the optical properties to test this point. Unfortunately crystal 1 broke in 
the grinding and crystal 2 was found to be cracked after the last series of 
observations. The question had therefore to remain unsettled. On account 
of the difficulty of producing specimens which were above all suspicion the 
measurements were not pursued further with other crystals. 

A comparison of fig. 2 and 3 shows that the lack of parallelism of the curves 
is much greater with potassium ferricyanide than with cobalt sulphate and 
hence that the asjrmmetry of the ciystalline field is presumably greater. The 
anisotropy of the potassium ferricyanide crystal at the lowest temperature 
measured will be seen to be very considerable, of the order 100 per cent. 
Microscopic lamellar twinning if present can only have had the effect of reducing, 
not increasing, the anisotropy in the magnetic properties. The results do not 
therefore agree with what would be expected if the magnetic moment in this 
substance were due to spin alone. The present theory of the magnetic proper- 
ties of co-ordination compounds will need to be extended considerably before 
it con accotmt for the present results. 

I am indebted to Professor A. M. Tjmdall for his continued interest in the 
above work. 

♦ ‘ Phil. Mag./ vol. 6, p. 481 (1928). 

t ‘ 8oi. JElep. Toheku Univ./ vol. 8, p. 303 (1914). / 
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Summary. 

An o^pparatiis is described for the rapid determination of the principal 
snsoeptibilities of crystals at low temperatures, with an accuracy of about | to 
I per cent. Kesults are given for the fallowing crystals : manganese ammonium 
sulphate, manganese sulphate (penta- and tetra-hydrate), ferric acetylacetonate, 
potassium ferrioxalate, cobalt sulphate and potassium ferricyanide. 

Ih agreement with recent theory the crystals containing ions with s-moment 
only present, or eficctive, are found to be magnetically isotropic to w'ithin 
about 1 per cent. Over the range of temperature employed, 290°-76° K., 
the 1/x . T curves for the principal susceptibilities of cobalt sulphate are 
straight lines but these are not all parallel. Potassium ferricyanide shows a 
rather complicated behaviour. 

The Photosynthesis of Hydrogen Chloride. III . — Mixtures 
Containing Oxygen. 

By Ronald G. W. Nobrish and Mowbray Ritchie, 
Department of Physical Chemistry, Cambridge. 

(Communicated by T. M. Lowry, F.R.S. — Received February 17, 1933.) 

The inhibiting action of oxygen in hydrogen-chlorine mixtures was first 
observed by Bunsen and Roscoe,* and has been generally confirmed by all 
later workers, but the exact part played by oxygen is still attended by some 
uncertainties. Chapman and MacMahont found the seusitivity of stoichio- 
metric mixtures of hydrogen and chlorine at atmospheric pressure to be 
inversely proportional to the oxygen content. In like manner, Bodenstein 
and Dux4 for stoichiometric mixtures and concentrations of oxygen up to 
22-5 mm, Hg, state that the rate of formation of HCl under such conditions 
is given by 

d\m] ^-[C4f 

dt [0,1 

for constant conditions of incident light intensity. 

* ‘ Pogg. Anil.,’ voL 100, p. 481 (1857). 
t ‘ J. Chem. Soc./ vol, 95, p. 969 (1909), 

J * Z, phy»» Chem.,’ vol. 86, p, 297 (1013). 
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The resTilts of all workers are in agreement with the statement that in the 
presence of oxygen the rate of reaction is proportional to the first power of 
the light absorbed, and thus that the quantum efficiency is independent of 
variation of the intensity of light. 

Further investigations of wider scope on the exact inhibiting action of oxygen 
have, however, extended the kinetic equation of Bodenstein and Dux, which is 
found to be only approximate. The results of M. C, C. Chapman*** for example, 
for light of constant intensity are expressed by means of an expression of the 
type 


d[HCJ] = 


Lo,]’ 


while those of Cremerf conform to the formula 


d[HCl] _ 

dt [041+ 0-02 [Hal [0,]^ 


M. C. C. Chapman found that the rate of reaction is independent of the con- 
centration of oxygen in mixtures in which the concentration of hydrogen is 
very small, and is inversely proportional to the concentration of oxygen in all 
other mixtures, and with this the formula of Cremer is in agreement. On the 
other hand the two expressions are in definite disagreement over the inhibiting 
effect of hydrogen, and in this respect crystallize a long standing difference of 
opinion between the Bodenstein and Chapman schools of workers. This 
inliibiting effect of hydrogen is marked by the fact that as the pressure of 
hydrogen is increased the velocity of formation of hydrogen chloride first 
increases to a maximum value and then decreases, and was first noticed by 
Chapman and Dnderhillf and confirmed later by M. C. C. Chapman (Zoc. eil .) ; 
it is expressed in their formula given above, by the index {2 — y) in which y 
is less than imity. It was, however, denied both by Bodenstein and Dux 
(foe. ctL) and by Thon§ that the velocity declines with increase of pressure of 
hydrogen and tlje results were attributed to the presence of oxygen as an 
impurity in the hydrogen used by Chapman. The question was thus left in 
a somewhat xmoertain state, and it is satisfactory that the present investigation, 
while fully confirming the results of Chapman, also indicates in part a kinetic 
reason for the failure of the Bodenstein school to furnish confirmation. 


♦ ‘ J. Chem. Soc.,’ vol. 123, p. 3062 (1023). 
t * Z. phys. Chem.,’ voL 128. p. 285 (1927). 
t ‘ J. Ohem. Soo.,’ vol. 103, p. 496 (1913). 

§ ‘Fortsohr, d. Chemle,’ vol. 18, part 11 (1926), 
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The experiments of Cremer were carried out in the presence of phosphorus 
pentoxide and yielded results which varied according to the fillings of the 
latter substance in the reaction tube. It was therefore concluded that the 
teaction was sensitive to catalytic surface effects, and a similar possibility was 
also suggested by Thon {loc. ciL) to account for the diverse results of different 
observers. Further support for this hypothesis of surface action has been 
given by Chapman and Grigg* as well as by Trifonofff on the relative rates of 
Teaction at low pressures in tubes of different diameters. 

Certain results obtained by means of a new technique which we have described 
AS the photometric metliod ” (in Part IJ) led us, however, to the conclu.sioa 
that this discrepancy l)etween the work of various authors is due rather to the 
neglect of an important factor in the reaction kinetics, and that the surface effect 
is really only marked at low pressures. It had previously escaped notice that 
hydrogen chloride itself is a strong inhibitor of the reaction, and as a result 
of our preliminary experiments (I, foe. oiL) we came to the conclusion that the 
problem merited a reinvestigation in the light of this new knowledge. It is 
believed that the results presented (in Part !!§) for oxygen-free mixtures show 
that this expectation was not unju>stified while for the results to be given now 
for mixtures containing oxygen, we would make the same claim. The results 
of Chapman and his co workers, and especially of M. C. C. Chapman (foe. oit) 
have received full confirmation l»y our work, and in the light of the new know- 
ledge respecting the kinetic effect of hydrogen chloride, it has been found 
possible to propound a mechanism of reaction which explains in a remarkable 
manner the very varied observations of this latter worker, while at the same 
time rendering possible the calculation of quantum efficiencies over a wide 
range to a considerable degree of accuracy . 

The experimental results now to be reported show that tlie effect of variation 
of oxygen on the quantum efficiency (y) can be expressed by means of a 
formula of the type 

“■ [0.1 +i' 

when aU other factors, including the intensity of absorbed light (Iaba.)> w® 
constant. It is certain, however, that the progressive addition of small 
amounts of oxygen to hydrogen-chlorine mixtures initially containing no 

• ‘ J. Chem. Soo.,’ p. 3233 (1928). 

t ‘ Z. phys. Chem.,’ B, vol. 3, p. 1B6 (1929). 

J ' Proo. Roy. Soo.,’ A, vol. 140, p. 99 (1933), referred to later as I. 

J ‘ Proo. Roy, Boo..’ A, vol. 140, p. 112 (1933), referred to later as H. 



716 


R. G. W. Norrish and M. Ritchie. 


oxygen involves the consideration of a gradual but complete change in reaction 
mechanism, one notable feature of which is the progressive change from iSbJ. 
to as a factor determining the rate of reaction. For this reason it has 
been found convenient to consider the experimental results in two main sections, 
one in which the rate of reaction is for all practical purposes inversely pro- 
portional to the oxygen concentration, and a second, a transition region, where 
such inverse proportionality does not exist. The experimental verification 
of such a distinction is now given. The apparatus and experimental procedure 
were as already described in I. 


Expebimentju,. 

Variation of Pressure of Oxygen , — The experimental conditions, except for 
variation of the oxygen pressure, were kept constant, and the “ method of 
averaging ” (used in I) was employed. The following conditions were applied 



in all experiments ; pressures of hydrogen and chlorine, 43-44 mm. ; pressure 
of hydrogen chloride, 12-13 mm. ; incident light intensity using violet light 
(X = 406 m|ji), 15 cm., expressed as scale divisions of the galvanometer. Low 
pressures of oxygen were measured accurately by the calibrated Bourdon 
gauge-telescope system. Under these conditions, fig. 1 was obtained, in 
which the product of the quantum efficiency and the pressure of oxygen 
(y[Gj 1) is plotted against the pressure of oxygen. If the quantum efficiency 
were everywhere inversely proportional to [OJ then the graph would be a 
straight Ime, parallel to the abscissa ; the actual curve obtained shows that such 
is only strictly tru«5 above about 10 mm. of oxygen, tbongh as will appear later, 
the limit of pressure of oxygen above which the law of inverse proportionality 
holds is progressively lowered as the pressure of hydrogen is increased {<f. 
M. C. C. Chapman, l<x;. cii.). Before entering into any detail in this connection. 
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however, we shall give the experimental results according to the classification 
already mentioned, 

ExperiimnU with OTygen-Rich Mixtures, 

For these experiments, in view of the relative slowness of the reaction, it was 
convenient to apply the “ grajjhical method/’ in which the actual concentration 
of chlorine was determined continuously throughout the exposure (see I), 
The light employed was of wave-length 366 m[x, the experimental details and 
procedure being as described in 1. 

(а) Relation between Quantum Effici^iwy (y) arid Light Absorbed (labs.)* — 
Quantum efficiencies were here recorded for constant concentrations of hydrogen, 
chlorine, hydrogen chloride and oxygen, the range of light intensity being 
controlled by glass plates placed in the path of the bearn. It was found that 
in accordance with the results of other workers for mixtures containing oxygen 
the rat/e of reaction was directly proportional to the light absorbed. Thus for 
[Cla]==42*0 m.m., [H 3 ] = 42*0 mm., [HCl] = I6'0 mm., and — 
mm., the values obtained for the quantum efficiency of hydrogen chloride 
formation were 117, 117 and 120 for values of equal respectively to 14*6, 
9*8 and 1*4 cm. The quantum efficiency w^as thus independent of the amount 
of absorbed light under the above conditions. 

(б) Relation between Qmmium Effiiceruy (y) and Pressure of Hydrogen Cfihride 
(HCl).— Results are given in Table L While the pressures of hydrogen and 
chlorine are constant throughout, in three experiments the concentration of 
oxygen was varied. 

Table 1. 

•X 366 mil ; [CIJ 43-0 mm. ; [H^] -- 43-0 mm. 


[OJ. 

[HCIJ. 


y<'ah'. 

r caiejr &xpt. 

nun. 

lOOS 

mm. 

! 80 

74*0 

70 '5 

0*96 

SCO 

160 

124 0 

123'0 

0*99 

49<S 

S50 

01 0 

93-2 

1*02 

4d*S 

63 2 

69-2 

69-2 

1-00 

501 

126*0 

430 

44-0 

1*02 

500 

216 1 

28*9 

28-6 

0*99 

24*5 

336 

41-5 

40-0 

0*96 

10*6 

385 

79-6 

81-6 

1*02 


The values of ycaic. are computed from the formula 

3*73 X 10® 

“ [0,] (44'8 + [HCl]) 
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to Trlaoh the geoeraJ formula deduced later, p. 719, reduces imd^ the preeeut 
conditions, and the constancy of the ratio in the last column shows that the 
results are accurately represented by this simple expression. Thus it follows 
that hydrogen chloride has an inhibiting effect second only to tliat of or^gen ; 
this is taken into account in the present experiments for the first time, and 
it will be seen in the sequel that when this is done, the quantum efficiency of 
the reaction may be calculated to a very considerable degree of accuracy. 

(o) Relatimi between Qua^itutn Efficiency of Hydrogen Chloride FoT7mtion> (y) 
<md Pressure of Chhrine ([Clg]). — Results are given in Table II ; the pressures 
of both oxygen and chlorine were varied, and for the range of pressures given 
([^a] froni 10 mm. to 160 mm. and [Cy from 10 mm. to 80 mm.) the quantum 
efficiency varies nearly linearly with pressure of chlorine and inversely as the 
pressure of oxygen. 

The values for Yc«ii . were calculated from the formula 

V 3-77 X 10* [Cy 

[021(0-2 icy + 256)’ 

which is obtained from the general expression deduced later by introducing 
the constant values of [Hg] and [HCl]. 


Table II. 

A 365 m\i ; [E^\ 47*0 mm. ; [HCl] = 16-0 mm. 


[ Cl .]. 

[0.]. 


ycaln . 


mm . 

mm . 




e *9 

100 

143 

144*5 

1*01 

16'5 

40*7 

64*3 

68-6 

1*07 

22 0 

30-7 

93*5 

103 

MO 

231 

49*9 

66*5 

66*8 

1*02 

28-2 

39*8 

94*0 

102 

1*08 

32-7 

01*5 

91*2 1 

91*2 

1*00 

42-0 

50*1 

117*0 

120 

1*02 

490 

100- 1 

66*0 

69 

1-04 

oe-s 

146*3 

53*3 

54*0 

1*02 

66-7 

168*9 j 

69*2 

67*0 

0*97 

72-0 

61*2 

190 

194 

]'02 

730 

160*4 

63 5 

63*7 

1*00 

77-6 

143*6 

72*6 

74*8 

103 


There thus is no indication of inhibition by chlorine comparable with that 
produced by hydrogen chloride, and such as was observed for oxygen-free 
mixtures in II ; the small tenn involving chlorine in the denominator of 
the expression for is obviously negligible except for high pressures of 
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chlorine, the departure from a strictly linear relationship between y and [CIJ 
being no mote than 7 per cent, over the range inv^itigated. 

(d) Bdation between Quantum Eficiency and Pressure of Hydrogen . — Two 
series of experiments were carried out, one in which the pressure of hydrogen 
chloride was 15 mm,, and the other in which it was 65 mm. The pressure of 
chlorine was in all experiments 43 mm. and of oxygen 50 mm. As the pressure 
of hydrogen was increased from a low value, the quantum efficiency first 
increased, and then passed through a maximum ; at higher pressures a retard- 
ing effect was clearly indicated. This is seen in fig. 2, where curves 1 and 2 
represent the results obtained in the above two series. 



It is important to note that the hydrogen was prepared and purified in a 
manner exactly similar to tliat used in the oxygen-free mixtures of II, where 
quantum yields as high os 10» were observed, and therefore that the retarding 
influence exhibited here in oxygen-rich mixtures is a kinetic phenomenon 
dependent on the hydrogen itself, which must be accounted for in any scheme of 
reaction mechanism. 

The results are accurately expressed by the two formuhe 

. _ 3.23 X IOnH.1 _ for series (1) 

Yc*ic. - 640 {[HJ -f 200) [Eti 

and 

„ 3 •23 X 10* [Hg] foj, series (2). 

Tel*. ~ 1450 _j. ([Hj] -f- 400) [H J 

The* botk follow from the geoeral eipreMon on p. 718 referred to above, 

br mittliu in the owopriate valuee for [HCl], [0,1 «od [OJ. 
n IbUe m vj«a of T„». have beeo read from tbe eiperimeotal ourve. 

aad compared with the valuee of obtained from tie above fbrmulm. 
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Table III. 


X = 365 myL ; [Clj] = 43 mm . ; [OJ = 50 mm. 


[H,]. 

Series (i) [HCl] 15*0 mm. Series (ii) [HCl] =» 65 mm. 

yexpt. 

^oalc. 



ycHic. 

yiiaic./yexpt. 

mm 







10 

115 

118 

103 

67 

58 

102 

20 

131 

129 

0-99 

64-5 

66 

104 

40 

122 

126 

1-03 

69 

08 

0-99 

70 

114 

116 

1 02 

67 

66 

0-99 

100 

104 

106-5 

102 

64-5 

63 

0*99 

200 

1 79 

80 

l-Ol 

53 

53 

100 

300 

63 

64-5 

1-02 

46-6 

45-5 

100 

400 

55 

i 

53 5 

0-97 

41 5 

40*3 

0'97 


General Formula Tented by Continuous Runs.-~¥rom the data of Tables I, 
II and III it will be seen that the exjierimental results are accurately expressed 
by the numerical formulae employed. These formulse are ba.<«ed on the follow- 
ing general expression for oxygon-rich mixtures ; 


3-77 X 10*[H,][Cla 


9-26 [0^] ([Clj] -f 1 -7 [HCIJ) -f [OJ [H,l ([HJ -f- 4 [HCl] -b 140) ' 


the derivation of which is given below. This formula is thus valid over the 
whole range of pressures employed in Tables I to III. The results so far 
presented, however, deal with single determinations of the quantum efficiency 
for fixed values of the pressures of the various constituent gases. It was 
therefore of interest further to test the above formula by applying it to the 
data of any one experiment, in which no hydrogen chloride was initially present 
and of which the velocity of reaction was followed throughout by means of the 
graphical method illustrated in I. In such an extended run, the conditions 
of concentration of all reactants vary to an extent sufficient to test thoroughly 
the apphcability of the formula. Tables IV to VIII give the results obtained 
with various initial pressures of the constituents. The values of youe. were 
obtained by putting the measured values of [CIJ, [HCl], [HJ, and [OJ in 
equation (11). Full details of a sample experiment are given in I. 

It will be seen that good agreement is obtained throughout all the five runs 
over wide ranges of variation of pressure. For most practical purposes, 
however, a simplified form of equation (11), is nearly as accurate, since the 
first term in the denominator is generally small compared with the aeomid. 
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Table IV. 


(1) Initial [Clg] = 50-6 ram. Initial [HJ = 49"5 mm. [OJ — 50*0 mm. 


t (aeoa.) : 

2(K), 

400. 

600. 

800. 

1000. 

I2O0. 

1400. 



! 

! 42-6 

^ 38-4 

35 0 

32-2 

30*0 

28*3 

26*7 

l^#] 

1 41-6 

37*3 

33-9 

311 

28*9 

27*2 

25*6 

[HOlj 

i 100 

24-4 

31*1 

30*7 

41*2 

44*6 

47*8 

yoxpt 

]24*5 

95 

83 

72*6 

61*4 

53 

52*1 



122 

97 

81 5 

74 

01*6 

.W*4 

51*6 

^c*lc./^evi>l. 

0-98 

1-02 

0-98 

0-97 

1*00 

1 04 

0*99 


Table V. 


<2) Initial [Clj] = 74-5 mm. Initial [Ha] = 74-8 ram. [OJ == 100-6 mm. 


i ( 9008 .) : 

j 200. 

§ 

600. 

lOfHK 

1200. 

1400. 

rcial 1 

i i 

' 70*2 

j 

04*7 

60*4 

53*9 

51*6 

49*0 

IH.! ] 

08*1 

62*6 

59*3 

61*8 

49*5 

47*5 


13*4 

24*4 

33*0 

46*0 

50*6 

54*6 

yexpt 

96*6 

81 

68 

49*6 

41*3 

39 



94*6 

76*0 

65*0 

50*2 

45*6 

42*8 

^dtlc./^expt. 

1*00 

0*94 

1 

0*90 

1 

1*02 

MO 

1*09 


Table VI. 


Initial [ClJ = 80-2 ram. ; initial [Hj] -- 249-4 mm. ; [Oj] = 60-1 mm. 



200. 

400. 

000. 

800. 

1200. 

1400. 

1600. 

fci.] 

78 2 

66*8 

63-4 

59*7 

53*7 

6M 

48-8 

{HJ 

242 4 

237*0 

232*0 

229 

223 

220*8 

2180 

[HOI] 

14*0 

24*8 

1 33*6 

41*0 

53 0 

68*2 

02*8 

7'9«pt 

93 

81 

70 

63*2 

61 5 

49*5 

45*8 

y«alc. 

103 

«8‘5 

, 77*0 

69*0 

57*7 

53*6 

49*5 

7^o9lc./7'«xpt 

Ml 

1*09 

1 MO 

i 1 

1*09 

M2 

1*08 

! 1*08 


Table VII. 


Initial [ClJ = 79-6 mm. ; initial [H*] = 161-8 nun. ; [0,] = 60-1 mm. 


t (8608.) ; 

200. 

400. 

600. 

800. 

1000. 

1200. 

1400. 

roL] 

70*8 

65*2 

00*7 

50*9 

53*8 


47*9 


143*1 

187*5 

133 

129*2 

126*1 

123*2 

120*2 



[KG] 

17*4 

28*6 

37*0 

45*2 

51*4 

67-6 

03*2 

VAKOiL 

111 

89*2 

77*0 

68*2 

62*2 





122 

100 

88 

77*5 

69*2 

62*8 

57*2 



MO 

M2 

M4 

M3 

Ml 


1*04 
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Table VIII. 


Initial [Clj] = 80-0 mm. ; initial [Hj] = 91-9 mm. ; [OJ = 73*4 mm. 


t (secft.) ; 

400. 

600. 

900. 

1200. 

1600. 1800. 

2100. 

2400. 

[Cl,] 

67*0 

620 

57*8 

61 0 

48-3 46 0 

41*8 

39*0 

[H,] 

789 

73*9 

69*7 

62*9 

60*2 67*9 

53*7 

50*9 

[HCl] 

26-0 

360 

44 4 

68*0 

63*4 68*0 

76*4 

82*0 

Vexpt 

90 

78*3 

71*6 

66*0 

50 0 46*7 

39*0 

86*6 

^cxlc. 

102 

84*4 

73*0 

67*0 

51*4 47*4 

40*1 

36*2 

^calc./^expt. 

M3 

108 

1*02 

1*04 

103 101 

1*03 

1*02 


The results of Tables IV to VIII are thus almost equally well represented by 
the approximate expression 

„ 3*77 X io«[cy . 

[02]([HJ + 4[HC1] + 140)’ ' ' 


which yields values within 7 per cent, of those obtained by equation (11). The 
approximate expression does not, however, yield maxima in the [HJ-^ curves 
of fig. 2 and for this reason is inaocurate when the partial pressure of hydrogen 
is less than 40 mm., for in these circumstances the first term of the denominator 
is no longer negligible in comparison with the second. 

Dependence of Quantum Efficiency on Wave-lengUi . — ^The figures in Table IX 
show the relative quantum yields obtained respectively with light of 366 m(X 
and 406 mjji, under equivalent conditions. From these figures it is apparent 
that the efficiency of the light of shorter wave-length under the given con- 
ditions is some 6 per cent, greater than for the light of longer wave-lengths. 
It is intended to carry out a more extended study of this aspect of the problemr 


Table IX. 

For = 406 mfi I»bi. ~ 1 *60 cm. 

For X = 366 mp, I»b». ~ 12 cm. 

[Cl J = 43 mm, [OJ = 60 mm. 
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when a monochromator now under construction is available. In the meantime 
the difference between the efficiencies at the two wave-lengths is small enough 
to justify the use of the same numerical formula for both wave-lengths, 

ExperiniefUs with Mirh(res co'tUaining snmll Pressures of Oxygen. 

The results of the previous section have been concerned with a region in which 
suflScient oxygen was pnisent to render the rate of formation of hydrogen 
chloride inversely proportional to the concentration of oxygen, and directly 
proportional to the first power of the amount of light absorbed. On the other 
hand, the data given in II confirmed that in gas-mixtures rendered as free from 
oxygen as possible, the rate of reaction is proportional to a power of the absorbed 
light which is not far removcMl from 0*5. The question of the intervening 
region was therefore examined, 

Because of the high velocities the experiments were carried out with light 
of wave-length 4()fi mp, which is more feebly absorbed by the chlorine than the 
light of wave-length 365 used in the determinations recorded above for 
oxygen-rich mixtures. We have already seen (Table IX) that the quantum 
efficiencies with these two wave-lengths are nearly identical, other factors 
being equal, so that the data of the “ oxygen-rich ” region and transition ” 
region are diwjctly comparable. The experimental results are given below in 
Tables X, XI and XII, where Iq expresses the total incident light flux after 
correction for reflection losses, (?tc., and lata. total light absorption calcu- 
lated therefrom using the known extinction coefficient asdescribedin I and II. 


Table X. — Relation between Quantum Efficiency and Amount of Light 
Absorbed. (Transition Region.) 

X==:406m|x. [Cljl 43 mm. fH^] = 43 mm. [HCl] 14 mm. 


ro.). 


Tabs. 

T'expf. 

y(W)*"- 

mm. * 

0X0. 

ora. 



oas 

161 

1*2S 

28S0 

2960 

0-93 

15-7 i 

1-23 1 

2800 

2000 

0*04 

S-26 

0*70 

3100 

2080 

0-95 

6-86 1 

! 1 

0*68 

3080 

2880 


The variation of intensity was efiected by blue glass plates placed in the 
path of the incident beam, and although the variation is not large, the value of 
being limited by experimental convenience, and the fact that the oon- 
oentration of chlorine must be kept constant, the results in Table X justify 

3 B 


von, oxn,— A. 
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the conclusion that the reaction is proportional neither to nor to 

as previously determined for oxygen-rich and ojgrgen-free mixtures 
respectively. The actual value calculated from the above figures is 
that is, the product (I„b» is constant (final column). 


Table XI. — Relations between Quantum Efficiency and Pressure of Oxygen. 

(Transition region.) 


X = 406 m(x. [Clj] — 43 mm. [Hg] ™ 43 mm. [HCl] = 14 mm. 


[0,]. 

j 

lahK. 

1 

^rAlc. 

mm. 

om. 

cm. 



00 

20*2 

1*71 

mo* 

6680* 

0*53 

15-3 

1*30 

3860 

4480 

0-56 

17*7 

1*50 

3750 

4270 

093 

15*7 

1*33 

2800 

3560 

2*0 

15*3 1 

1-30 

1850 

2355 

3*2 

15*2 ! 

1*29 

1260 

1700 

5*8 

17*7 1 

1*50 

863t 

lOlOf 

101 

19*1 1 

1*62 

560 

618 

20*0 

16*6 

1*32 

280 

315 

39*7 i 

15*5 

1*31 

150 

161 

50 

27*7 

12*3 

125t 

127*5 

350 

23*7 

10*6 

17*lt 

18*2 


• [H,] 44. [01,] = 44, [HCl] » 12 fi. 

t [H,] = 41 5, [CIJ = 48-6, [HCl] - 14 ». 
t A =< 305 ran. 


Table XII. — Relation between Quantum Efficiency y and Pressure of 
chlorine. (Transition region.) 


[Hj] = 43 mm. [HCl] = 14-0 mm. X = 406m(ji. 


[0,]. 

[Cl.]. 

^ Q. • 

Iab». 



mm 

iiun. 1 

1 

i om. 

cm 



0-94 

200 

6*86 

0*286 

1860 i 

2350 

096 

43*0 

16*1 

1*28 

2880 

3500 

0-93 

43*0 

16*7 

1*33 

2800 

3550 

0-94 

00*5 

7*06 

0*83 

3680 

4800 

0-98 

75*5 

7*90 

M5 

3940 

5000 


For the transition region, the quantum efficiency takes probable values 
between those to be expected for the " oxygen-free ” and “ oxygen-rich ” 
regions, as may be seen by comparing the first line with the last lines of Table 
XI. In the final columns of Tables XI and XU are shown the ealculatcid 
values of y obtained from a formula derived below on p. 736 from general 
theoretical considerations, which reduces under the appropriate conditbns 
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to those already used in the representation of the data of the “ oxygen-fipoe 
and oxygen-rich regions. 


iHEORETICAn DISCUSSION. 

The results which we have given above, for oxygen-rich mixtures 
^ mm.), and which are fully represented by the approximate formula 

lOnHJfCy 

9*25 [Oj] ([ClgJ + M [HCl]) + [O^l [HJ ([H^] + 4 [HClj + 140) ' ^ 


differ from those obtained by Bodenstein and his co-workers, and there emerge 
two points of major importance for the establishment of an accurate kinetic 
mechanism. They are : — 


(1) The confirmation of the inhibitory effect of hydrogen, first observed by 
Chapman and Underhill (ioc. dt.), and later confirmed by M. C. C. 
Chapman (/oc. but denied by other workers {loc. ciL), 

(2) The discovery of the inhibitory effect of hydrogen chloride, which with 

oxygen and hydrogen is now revealed as one of the factors controlling 
the length of chains. 


The photometric method by which these results have been established, 
involving as it does no disturbance of the reacting system by addition of 
water or by “ freezing out ” is the most reproducible method of following the 
reaction yet devised, and this, coupled with the fact that by taking the inhibitive 
effects of hydrogen and hydrogen chloride into account we have obtained an 
expression for the quantum efficiency which describes our results over a wide 
range, leads us to enter into the following discussion wdth confidence in the 
experimental results upon which it is based. 

In developing a mechanism of reaction, it is important to pay attention to 
the results obtained in II for mixtures containing no oxygen. Here it was 
proved that a modification of the Nernst Scheme (reactions 1- 5 below) was 
capable of explaining the observed experimental facts.* 


• In this mechanism the supposed catalytic action of water has been purposely neglected, 
since it is now known not to exist. Professor Bodenstein in a private communication 
informs us that he has recently been able to show that completely dried mixtures of 
hydrogen and chlorine react a« readily as wet and that the supposed inhibition produced 
by drying according to the experiments of Ooehn and Jung (*Z, phys. Chem,,* voL 110, 
p. 705 (1924) ) was really due to the introduction of impurities (HgCl, and AuCl^). This is 
supported by later results of Rodebush and Klingenhofer (‘ Proc. Nat. Acad. Sci.,' vol. 18, 
p. 531 (1932) ) and of Allmand and Craggs (‘ Nature,’ vol. 130, p. 927 (1932) ) and is in 
accord with our own results carried out in the fncsence of PfOj, as will be described in 
Part IV, 


3 B 2 
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Now so far as the propagation of reaction chains is concerned, the same 
mechanism, to be consistent, must also apply to the results for mixtures 
containing oxygen. The difference between tlie two processes lies in a complete 
change of the reactions by which chains are terminated, as is clearly evidenced 
by the alteration in the power of the intensity of absorbed light governing 
the rate of reaction from ca. 0-5 to 1-0. This complete change has been 
brought about by the addition of oxygen, which must now therefore be held 
responsible for the rupture of the reaction chains. This has long been accepted 
as proven by the experimental establishment of the relationship of inverse 
proportionality between reaction velocity and pressure of oxygen. But in 
addition the reaction velocity and quantum efficiency have been shown above 
to be diminished as the pressure of hydrogen and hydrogen chloride is increased, 
and to take account of all these facts we shall extend the scheme proposed in 
II, to include the possible reactions by which the reaction chains may be 
ended through the medium of oxygen. The complete series of reactions is as 
follows ; — 

1. Clj + Av = Cl + Cl i, 

2. Cl 4 Hj = HCl 4 H Aj 

3. H 4 Clj = HCl 4 Cl A, 

4. H 4 HCl = H, 4 Cl A, 

6. Cl 4 Cl = Clj A, 

r/. Cl 4 wall = iCl, As- 

6. Cl 4 Oj = ClOj A, 

7. H 4 H, 4 Oj = HjO 4 OH A, 

8. H 4 HCl 4 0, = H,0 4 CIO A, 

9. H 4 0, = HO, A, 

Oxygen-Rich Mixtures. — For oxygen-iich mixtures reactions (6) and (6') 
become insignificant in comparison with reactions (6) to (9). The concentration 
of reaction chains is therefore much lower in the presence of oxygen, and the 
quantum efficiency correspondingly smaller. This holds good as the pressure 
of oxygen is reduced until we reach the “ transition region " where l^e 
relationship of inverse proportionality between the pressure of oxygen and 
the reaction velocity breaks down. In this region because of the lower ptossute 
of oxygen the concentration of chains, and therefore of chlorine atoms is 
greater, and reactions (5) and (5') are no longer negligible in compatistm with the 
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others. We shall see the importance which these reactions may assume when 
we discuss the kinetics of the transition region below. For the present, 
neglecting reactions (5) and (S') we may develop an expression for the 
quantum efficiency in oxygen-rirA mixtures as follows. 

Equating for the equilibrium of chlorine atoms we have 

h lab. + h [H] [Clsl + h [H] [HCl] = [Cl] [Hal + he [Cl] [0,]. (1) 

For the equilibrium of hydrogen atoms, we liave similarly 

[Cl] [Ha] = K [H] [Cla] + k, [H] [HCl] + k, [H] [Oa] [Ha] 

+ k, [HJ [Oa] [HCl] + k, [H] [0,]. (2) 

From (1) and (2), we obtain 

k, k^ I„b,. [Hal 

"k, [Oa] (*8 [Cla] + i4[HCl]) + [Oa] (*a [H*] + k* [Oa]) (^7 [H,]+*8 [HCl]+k,) ' 

(3) 

The rate of formation of hydrogen chloride is given by 

ira = jfca [Cl] [Ha] + k, [H] [Cl,] - k, [H] [HCl.] (4) 

at 


Substituting the value of [Cl] obtaintni from equation (1) we obtain 


dfHCI] 

di 


• ki labs. • 




fc,[H,] + fc6[0»] 

+ + A8[Ha] + *^*[0,]/ 

Substituting for [H] from equation (3) we obtain 

d [HCl] kjkt labs. [Hal 

* *,[H,] + *e[08] 


+ 


M. I.I.. [H J (t. [C‘.l ■ t‘r£‘ W ~ • t. [HJ + 1 [O.]) 

[O J (*# [HCli)+[C83 (fcj [CJ) (kt [HCl]+*,) 


By the appUoation of but ofie simple condition, which will be subject to subse- 
quent confirmation, this complicated expression reduces to a simple form which 
is capable of expressing all our results for oxygen-rich mixtures, and of being 
extended to include the “ transition region ” of low oxygen pressures. This 
condition is that 


ifc,[Ha]>*6[0al, 
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and has as a consequence the fact that practically all chains end through the 
medium of the reaction of hydrogen atoms with oxygen, rather than by the 
reaction of chlorine atoms \vith oxygen. In agreement with this it will be 
found below that ~ ’> have for comparable pressures of 

hydrogen and oxygen ; 

“*2 IHj] + 2 

and 


Further, when the absorbed hght flux is measured in quanta per second, and 
the concentrations of reactants in molecules per cubic centimetre. 


1 d\nC]] 

dt 


(7) 


gives the quantum yield for the synthesis of hydrogen chloride. It therefore 
follows, after simplifying equation (6) in accordance with the above principle, 
and combining with equation (7) that 


ki + 


[CIJ 


h IO 2 ] (^3 m + k, [HCl]) + h [H J [0*] (k, [H,] + A:,[HC1] + k.) ‘ 

( 8 ) 

Now ki = 2, representing two atoms of chlorine per light quantum absorbed, 
and is of the order 40 to 160 for oxygen-rich mixtures. We shall therefore 
neglect k^ in comparison with y and write 

2ktkm 


^ [Oal ([Cl,] + ^ [HCl]) + [OJ [H,3 {[HJ + ^ [HCl] + 




[HJ [Cl,], 




( 9 ) 


Considxratioti of Equation (9) with rtfermce to the experimental resviUa for 
Oxygen-Rich Mixtures. — (a) In the first place, it may be questioned whether the 
inhibiting effect of hydrogen chloride cannot be explained solely by reaction 
(4) and without recourse to reaction (8). We can test this by putting = <>• 
The expression would then become 




h 


[H,hcij 


( 10 ) 
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Now from the results of II, kjk^ ™ 1 *7 and the above expression then involves 
neatly as big an inhibiting effect by chlorine as by hydrogen chloride, as is 
indeed observed in oxygen-free mixtures ; but with oxygen-rich mixtures, 
this is not so, for the inhibition by chlorine is hardly detectable, while that by 
hydrogiin chloride renmins very strong, as is seen by referring back to Tables 
I and II. There is other evidence wlxich points in the same direction : the 
first of the two terms in the denoiiiinator of equation (9) accounts for the 
maxima in the iturves showing the variation of y with [Hg]. In order to fit 
the expression to the experimental curve this term must be small compared 
with the second. If. however, we attempt to explain the inhibition by hydrogen 
chloride without the use of reaction (8), and by reaction (4) alone, this same 
term must be large in comparison with the second ; the expression could 
therefore not be self-consistent. Nor is the position modified if we go back to 
the more complicated equation (fi). The forms of the experimental curves 
can only be obtained if we admit that k^ [OgJ is small compared to k^ [HJ, 
and that reaction (8) oc(Jurs. Thus, while reaction (1) accounts for the inhibition 
by hydrogen chloride in oxygen-free systems, it is reaction (8) which is practically 
the whole source of the inhibition in oxygen-rich systems. 

(6) The calculated valuer for y in Tables I to VIII are all obtained from 
the formula 

;{-77 X i0MH,i[cy .... 

^ 9-26 [0 J dCl,] 4-1-7 [HCl]) f [(\\ [H^] ([H^] -f 4 [HCl] 4- HO) ’ 

which conforma to the theorotumlly derived expression given in equation (9). 
In all cases the agreement is so close as to leave little doubt of the general 
validity of this expression. It cun, however, be still further simplifie-d without 
much loss of accuracy over a very considerable range, for except where the con- 
centration of hydrogen is relatively small, or that of the chlorine very high, 
the first term of the denominator is in general negligible as compared with the 
second. In these circumstances we obtain 


3-77 X 10 * 10 ) 2 ] 


(llA) 


^^tO,]([H,14-4[HCl]-M40)- 
This may be compared with the approximate result of Bodenstein and Dux 

[oj- 


AllJiough these two expressions are not fully consistent it may be noted that 
in our expiession the two inhibiting effects are partially self-compensating 
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during the course of a continuous run, for as the hydrogen chloride is formed 
the concentration of hydrogen decreases. As an example the results of Thon 
for oxygen-rich mixtures, carried out by the Bodenstein technique, have been 
calculated in Table IX according to the expression 

a'rHCl]__ ' jb[HjrClsf 

dt 9 • 25 [0 j] (Clj + 1 • 7 [HCl]) + [O,] tH*] ([H,J + 4 [HCl] + 140) ’ 

which is derived from our equation (11) by patting 

I.»». « [Cl,]. 

» 

Table XIII.* 


[0,] = 11-7 mm. 


Time. 

[HJ. 

[Cl,]- 

! 

1 

i 

d{K0l) 

iU 

k X 10*. 

miiiB. 

mm. 

mm. 

mm. 

mm. /min. 


0 

183 

328 

0 






3-46 

65 

15 

157 

502 

52 

3*00 

79 

35 

127 

472 

112 

2*55 

116 

67 

09 

444 

168 

2*08 

131 

82 

73 

418 

220 

1 72 

140 

110 

49 

394 

2«ft 

1*27 

134 

140 

30 

373 

306 

0*86 

106 

176 

15 

360 

336 




For about 80 per cent, of the total period of the reaction, approximate 
constancy is obtained for k ; and it is possible that better agreement especially 
in the early part of the experiment would be obtained if the actual values of 
IntM. were available, since the approximation 

* [Cl,] 

becomes inaccurate at high pressures of chlorine. It must be admitted, however, 
that this partial cancellation of the two inhibiting effects of hydrogen chloride 
and hydrogen cannot entirely explain the failure of the workers of the Boden- 
stein school to recognize their existence. It is certainly a fact that they have 
recorded very few specific experiments to test the effect of hydrogen chloride 

* Thoa, ' Z. phys. Ohem.,’ vol. 124, p. 341 (192ft), TaUe (3), Vwiadi (IS). 
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ia large excess, under conditions where the effects of the other reactants 
remained constant. Had they done this and especially if they had used 
relatively lower partial pressures of hydrogen and chlorine as compared with 
hydrogen chloride they could not have failed to observe the inhibition. 

On the other hand the question of inhibition by hydrogen chloride was 
never tested by the experiments of Chapman, who almost invariably used a 
water actinometcr by which the pressure of hydrogen chloride was auto- 
matically kept exceedingly small. Putting [HCI] — 0, our expression (11a) 
I’educcs very simply to tliat of Mrs. Chapman, whose results, except when 
the pressure of hydrogen was very low ( < 1 *0 mm.), can be expressed by the 
equation 

HC4] 

^ [ 0,1 

where y is less than unity and lies between 1 •() and 0*5. We shall return to 
this point when dealing with the kinetics of the transition region, and it will 
be found that her formula and ours are still further in very close agreement. 

Evaluaiion of Reaction Probabilities . — By comparing the experimental 
equation (11) with the theoretical expression (9) it will be seen that 


= X 10 < 

A* 7 

( 12 ) 

=: 9.26 

(13) 

II 

( 14 ) 

— 4 

( 16 ) 

ky 

^ = 140 

A, 

( 16 ) 


{a) From (12) since = 2, we obtain ^ 1(H. This giv^es a ratio of 
reactive binary collisions in reaction (3) to ternary collisions in reaction (7) 
of 10*, the partial pressures of hydrogen, chlorine, and oxygen, being taken as 
100 mm. each. Taking Bodenstein’s value for the collision efihciency of 
reaction (3) (see 11, p. 122) as 10“* and assuming a unit probability for all 
ternary reactions, we obtain a ratio of total binary to ternary collisions of 10^, 
which is in agreement with the accepted figure in a gas at this pressure. 

(b) From this value of we can compute from (13) that kjk^ ^ 10*». 
Now it h *v* already been seen from the results of II that is about 10* 
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and this result was there shown to be in dimensional agreement with the 
independent deductions of Bodenstein and Kistiakowski. It now follows 
therefore that kjk^ ^ 10”^ and taking the collision efficiency of reaction (3) 
as 1()“® in accordance with the considerations there presented, 10''^ gives the 
maximum probability of occurrtmee of reaction (6). This result is in accordance' 
with the kinetic necessity referrcnl to above that the probability of reaction (0) 
should be small as compared with that of re^tion (2). 

(c) From equation (14) it is seen that the probabilities of rea<rtions (3) and 
(4) are about equal, in agreement with the results of II ; while in (15) the 
ratio kjk^ compares the probabilities of two triple collisions, and is in n^asonablc 
accord with the probable space relationships of the two molecules concerned 
(H^ and HOI). 

(d) For reaction (9) which might conceivably take the forms 

H + Oa === OH + O, (9a) 

and 

H + Oa == HO^, (9b) 

we may calculate from the ratios kjk^ 10* and kjk^ ==140 that kjk^ ^ 10*. 
If the collision efficiency of reaction (3) be taken as 10"“* (mde supra) this gives 
a corresponding value of 10“"* for reaction (9). The maximum activation 
corresponding to this is 5*3 k. cals, and is insufficient for (9a) which is endo- 
thermic to the extent of 13 k. cals.* Recation (9 b) on the other hand would be 
exothermic, the heat of reaction being of the order of 09 k. cal. (Frankenburger 
and Klinkhardt, he, ciL) and we may therefore assume in view of its much 
greater probability that this is the course taken. Recently Bates and Lavinf 
liave discusscKl this reaction and come to a similar conclusion. Their work 
indicates a maximum probability of 10'“* which agrees satisfactorily with the 
value of 10"'* calculated above. Considerations are given which indicate 
a life of 10“® seconds for the quasi (unstabilized) HO 2 molecule, as against the 
usually accepted value of 10“^* or 10“^* second. Following Kassel they point 
out that in consequence of this the necessary stabilization of the quasi HO^ 
molecule will probably lose its ternary character and kinetically become a 
“ straight bimolecular process.” This is in accord with our own result that 
reaction (9) is unaffected by total pressure except in so far as ternary collisions 
with H^andClg give rise to reactions (7) and (8). Such an effect if it existed 
would have been easily detected in our results by the variation of 

* Frankwiburger and Kllnkhardt, * Trans. Faraday Soo.,’ vol. 27, p, 459 (1931). 
t * J. Amer. Cham. Soc./ vol. 56, p. 81 <1933). 
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{«) Similar considerations apply to reaction (6). The process 

Cl f O 2 == CIO + O, 

is endothermic to the extent of 70 k. cals., if we accept the value of 40 k. cals, 
given by Finkelnberg and Schumacher* for the heat of binding of the CIO 
molecule. The value of 10" " for the collision efficiency obtained above (para. 
(6) ), however, (corresponds to a maximum of 10 k. cals., and even if we adopt 
the most favourable circumstances by accepting the view of Rollefson and 
Eyringt tliat the Cl atom of tlu' chain may be energized to a maximum of 
about 23 k. cals.J there is not enough energy available. It cannot therefore 
be ac/cepted as expressing the facts, and we shall adopt the alternative exo- 
thermic form 

Cl I O 2 ClOg. 


The question of the stabilization of the ClOg molecule by a third body is left 
undecided by the present work, since reaction (6) enters so insignificantly into 
the kineticij (k^ very small) that it is impracticable to detect any dependence on 
total pressure. 

With the subsequent history of the stabilized ClOg and HOg molecules we 
are not here concerned, since once formcnl they are rcmovt^d from the sphere of 
active participation in the kinetics of the main hydrogen chloride reaction. 
Since they do not accumulate to a measurable extent, and do not disturb the 
kineticfi of the system it n^ay be assumed that they Ailtimately disappear by 
reactions of the type : 

HOg f OlOg HCl + 20g, 

HOg + HOg - Hg + 2 O 2 . 


The above results may be combined with those of II and summarized in the 


Table XIV, which modifies some of the values already computed by Bodenstein 
(he, oU,). 


It is probable that in the next few years a check on the accuracy of these 
figures will be forthcoming as a result of direct quantitative experiments 
involving atoms. Already Rodebush and Klingenhofer§ have investigated 

therewtion Ct + H. = Ha4H 


♦ ‘ Z. phy*. Chem, Bodenstein Band," p. 709 (1931). 
f * J, Amer. Chem. Soo.," vo). 54, p. 170 (1932). 

X By virtue of the exothermio character of the rryiction 

H Cl, Ha -h Cl 4- 45 k. cal. 

$ • J. Amer. CBiein. 800 .,’ vol. p. 180 (1933) ; ‘ Proc. Nat. Acad. Sci.,* vol. 18, p. 681 
( 1882 ). 
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Table XIV. 


Reaction. 

OoUiRion efficiency. 

Activation. 



k. oal 

H -f Clg HCl 4 Cl 

10“* 


H+HCl-H, 4-CI 

10-^ 

^0 

Cl + Ha HCl + H 

lO”* 

2-5-3*6* 

H + Oa HO, 

10’* 

t 

Cl -f 0* ^ CIO* 

10-’ 

4 

H -4- H, + 0, = H.O + 0H \ 

10 

6 

H + HCl 4^ 0, H,0 4- CIO / 

1*0 

1 

0 


• See II. 


at low pressures, with the help of a new tochnique for preparing chlorine atoms ; 
they report a collision efficiency of 10“® as a result of direct measurement and 
an activation of 5 5 k. cal. (from temperature coefficient). This compares 
favourably with our figures in Table XIV, especially when we take into account 
the considerations of RoUefson and Eyring in section (d) above. 

The Transition Region . — ^When the pressure of oxygen falls below a limiting 
value, the quantum efficiency of the reaction no longer remains inversely 
proportional to the oxygen content. The departure is at first gradual but 
later becomes very marked (fig. 1) ; at the same time there is a departure 
(Table X) from the strict independence of quantum efficiency and light intensity 
which marked the kinetics of the oxygen-rich region. We are here witnessing 
a transition from the kinetics of the oxygen-rich region which are expressed by 
equation (9) 



to those of the oxygen-free region, which are expressed by a formula of the 
form deduced by Christiansen, Herzfeld and Polanyi for the hydrogen-bromine 
reaction 


*s 


([C1J + 


^ [HCl] 


The quantum efficiencies measured take probable values between those to be 
expected on the basis of these two expressions. We can, however, proceed 
further, and (referring back to the scheme on p. 726) by taking account of 
reactions (5) and (5') which were negligible in the oxygen-iioh region, can 
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derive a geaeral expression which covers the whole range of the hydrogen 
chlorine reaction, and which gives results of the right order of magnitude for 
the transition region. Proceeding as akeady indicated in the derivation of 
equation (9) we obtain the expression 



This equation contains the term [Cl] which indicates the (unknown) concentration 
of chlorine atoms. It cannot therefore be used directly. In the absence of 
oxygen we may evaluate the concentration of chlorine atoms from the equation 


kb. rjCl] + fcJClf (19) 

and assuming [Cl] is small compared with [Cl]* (which will be true except 
at low pressures) we may writ«' : 

[Cl] - - (19 a) 


On introducing this into equation (18) and writing [Oj] = 0 we obtain 


rCL 




which is practically identical with (17) except for the term k\. This term repre- 
sents the removal of Cl atoms by the wall, and has by hypothesis been consideied 
small ; since it measures the speed of diffusion of chlorine atoms to the surface 
it will assume values in inverse proportion to the total pressure. The assumption 
that its effect is small is in accord with the fact that except at low pressures 
(Trifonoff, loc. dt.) the rate of reaction is independent of the surface of the 
reaction vessel* A small finite value for however, undoubtedly accounts 
for the alight deviation of the kinetics in oxygen-free systems from the I*abti. 
law, which was described in II. 

On the other hand, in the presence of high concentrations of oxygen A:^ and 
become negligible compared to k^[0^ and the expression reduces to 
equation (9) already found valid for oxygen-rich mixtures. 

♦ €k)ehn and Heymer * Bor, duets, chem. Ges.’ voJ* 69, p. 1794 (1926). 
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It is not, however, possible to evaluate the concentration of chlorine atoms 
in the presence of oxygen by a simple theoretical expression. Failing this we 
may construct an approximate working formula by using the semi-empirical 
expression 


[Cl] 


fc.n+fm) 


(19b) 


(where /[Og] is positive and becomes zero when [0^] = 0) which takes account 
of the fact that [Cl] is reduced as [Og] is increased, and at the same time reduces 
to (19a) when [OJ = 0. By combining (18) and (19b) and giving to the co- 
efficients their previous numerical values, we derive 


3-77X 


. mm , 


31-4+ 


104 


(l+/[0a]) 


(I».« )‘ +9 • 25 [Oj] ){[C1,]+1 • 7[HC1 ])+[Oj 1[H J([H,]+4[HCl]-t-140) 

( 21 ) 


For [0 J = 0 this reduces virtually to the original working formula for oxygen- 
free mixtures used in II, i.e., 

2-8.10nHJ[C4] 


(0^78 dab..)* + 0^236) ([Cl,] + 1*7 [HCl]) * 


(21a) 


with the modification that the original term (laioi.)®'* is now replaced by the 
term (0*78 (Iab«.)®'^ + 0*236). The agreement between the observed and 
calculated data of II when this modified expression is used is without exception 
at least as good as with the original. 

For the transition region the calculated values of y depend partly on the 
form adopted for /[O,]. If we write 

/[OJ-0-l[O,]«, 

the results shown in Tables XI and XII are obtained, and although the agree- 
ment is not of the high order obtained in the oxygen-free and oxygen-rich 
regions, it is fairly vsatisfactory in view of the uncertainties of equation (19b). 
It may at any rate, be claimed, that in equation (21) we have a numerical 
formula with a satisfactory theoretical basis which reproduces a variation in 
quantum yield between limits as extreme as 10* and 10, with a high degree of 
accuracy over the major part of the range. 

lAmU of the ** Tramtition Region,** —The results of previous workers indicate 
that inverse, proportionality of the reaction velocity, and therefore quantum 
efficiency, to the pressure of oxygen is maintained down to much lower values 
than we have found in thfe work. Thus, whereas our limit of strict adherence 
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to tho law in set at about 10 mm. of oxygen, that of other workers is at a pressure 
about ten times lower, A simple explanation of this fact exists, however, 
since it will be seen by reference to equation (21) that the relative magnitudes 
of the terms in the denominator is dependent on the pressures of the other 
reactants as well as oxygen. An examination of the literature* shows that 
the law of inverse proportionality has been in general established at total 
presHurea of hydrogen and chlorine and hydrogen chloride which were about 
ten times those used by us, i.e., generally at total pressures approaching one 
atmosphere. Inspection of equation (21) shows that if as in our case the terms 
in the denominator not involving oxygen are negligible compared with the 
others for pressures of oxygen exceeding 10 mm., then if the pressure of hydrogen, 
hydrogen chloride, and chlorine be increased some tenfold the corresponding 
limiting pressure of oxygon will be reduced to 1 mrn., and marked deviations 
will not become apparent till somewhat below this. 

The data of Bodeustein and Dux do not extend below 6 mm. of oxygen, 
and those of Chapman and MacMahon only contain one experiment in which 
the pressure of oxygen was less (and only slightly less) than 1 mm. Their 
results are thus in this connection fully in agreement with our numerical 
expression. 

In further support of the above contention we may cite the recent work of 
Rodebush and Klingenhofer (ho, dL) who report a value of y of 10 at “ low 
pressures and an independence of the quantum yield on the pressure of oxygen 
under these conditions. If we assume values for the partial pressures of 
reactants of from 0 • 01 to 0 * 1 ram. this is exactly the result to bo cxj>ected from 
equation (21) which yields values of from 5 to 50 for y within the above limits, 
and which at these low pressures reduces to an expression in which the effect 
of oxygen is insignificant. 

CompariBon wdh Work of M. C. C, Chapman. — It has been mentioned above 
that for oxygen-rich mixtures, our formula is practically identical with that of 
M, C. C. Chapman {loc. cit.) when the pressure of hydrogen chloride is taken as 
zero* This is in accord with the use of the water actinonujfer in her experi- 
ments by which the partial pressure of hydrogen chloride is obviously kept 
extremely low. If now we apply to equation (21) the condition that [HCl] = 0 
and [Oj) < 2, it assumes the approximate form 

3-77 X lOnHJiCIa] , (22) 

^ (31 -4 + 104 IW) [CIJ + [07([Ha? + 1«> [HI) 

* See'partlcularly Chapman and MacMahon, ‘ J. Chem. Soc.,’ voL 96 (1009) ; Bodensteiu 
and Dux, !oc. oU.t p. 320. 
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which is in general qualitative agreement with her expression (transfonned to 
give quantum efficiency instead of reaction velocity), namely, 





(23) 


X being variable and less than unity. In these circumstances it will be seen 
that the rate of combination will be practically independent of the concentra- 
tion of oxygen in mixtures in which the concentration of hydrogen is very 
small, as was definitely pointed out by Mrs. Chapman, In h(?r experiments 
this was found to obtain when the pressure of hydrogen was between 1 and 5 mm , , 
and that of the chlorine about 600 mm., and on testing by equation (22) this 
is readily seen to follow. In all other respects this expn^ssion is in agreement 
with the conclusions summarized in her paper, and in particular, with the 
inhibiting effect of hydrogen to which special attention was drawn. 

Inhibiting Effect of Hydrogen Chloride {Christiansen ), — Although no previous 
observation of the inhibiting effexjt of hydrogen chloride on the photosynthesis 
of hydrogen chloride is on record, our results fall strikingly into agreement 
with those of Christiansen* obtained in Bodenstein^s laboratory for the thermal 
union of hydrogen and chlorine. A marked inhibiting effect both by oxygen 
and by hydrogen chloride was observed, the magnitudes of which accord well 
with our own experimental results. If for example we assume a similar 
mechanism of chain propagation for the thermal as for the photochemical 
reaction and suppose with Christiansen that the chlorine atoms initiating the 
chains are generated on the wall of the vessel at a rate independent of the 
pressure of chlorine and given by h\ we obtain (after neglecting the result 


dt 




This may be compared with our approximate expression, and so, introducing 
the numerical values previously found for the various constants we obtain 


[O*3([HJ + 4[HCl]+140)’ 


the concentrations being expressed in mMimetret. A recalculation of Christian- 
sen’s extensive results by this formula gives values of K which remain through- 
out of the same order of magnitude. In Table XV we give the calculation for 
his experiments (23) and (32) in which the inhibiting effect of hydrogen chloride 
was definitely established. 

* ‘ Z. pbys. Chem.,* B, vol. 2, p. 143 (1029). 
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Table XV • 


Serial : 
No. ; 

Time 

interval 

Average preMuree in millimotreB during 
interval. 

V. 10». 

K. 

At 

[0.]. 

[cy. 

1 

IHJ- 

1 


23 

min«. 1 
6 

1'29 

190*5 

143 7 

0*6 

2*3 



25 

113 

164*4 

123*4 

2*7 

1*36 

276 


30 

0‘98 : 

139*7 

1 104-2 

5*3 

0*97 

196 


60 

1 - 

086 1 

1 

116*6 

66*1 

8*6 

0 91 

196 

32 

(HOI rich) 

i 5 

1 25 

119 

Ml 

163*2 

126 

36-3 

0-7« 

292 


61 I 

0-67 

136*6 

105*6 

34 3 

0-04 

235 


62 j 

0'84 

1 116*3 

1 88-3 

33*6 

0-60 

250 

1 

161 (?) 

0*73 

! 96 i 

' i 

1 71*7 

! ; 

1 33 • 7 

0-40 

(146 ?)t 


fThe mark of uncertainty in tho lani lino in an indioaterl in tho original table of 
OhrUitianiien. 


It will be seen from the last column that K remains reasonably constant : 
the relative inhibiting effects of 0^, and HOI as measured by him are thus in 
agreement with our own data. 

The authors arc indebted to the Government Grant Committee of the 
Royal Society for a researt;h grant which has been applied in part to this work, 
and to the Commissioners of the Exliibition of 1851 for a senior award to one 
of them (M. R.). They would also express their thanks to Dr. H. B. Mooney 
for useful criticism during the preparation of this paper. 


Summary. 

The kinetics of the photochemical combination of hydrogen and chlorine 
in the presence of both large and small quantities of oxygen have been re- 
examined by the new technique (I), 

It has been discovered that the hydrogen ohbride produced by the reaction 
has a powerful inhibiting effect. This is in accord with a similar effect noticed 
by (%ristiansen in the tbemml reaction of hydrogen and chlorine. 

In agreement with the result of Chapman and Underhill, hydrogen also has 
an inhibiting effect and the quantum efficiency passes through a m a ximum 
as the pressure of hydrogen is increased. This effect of hydrogen is about four 
timim smaller than the corresponding effect of hydrogen chloride. 


♦ Chriitiaiisen, * 2. phys. Ckem.: B, vol, 2, p. 413 (1929), Table L 
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In oxygen-rioh mixtures the quantum effidenoy is inversely proportional 
to the pressure of oxygen, and independent of the intensity of the absorbed 
light. 

In mixture.s containing small .quantities of oxygen (“ transition region ”) 
this inverse proportionality no longer holds, and the quantum effidenoy becomes 
increasingly dependent on the light intensity as the pressure of oxygen is 
reduced. 

The pressure of oxygen for the upper limit of the transition region is depmdent 
on the total pressure of hydrogen, chlorine, and hydrogen chloride. 

By an extension of the Nenist scheme of reactions already adopted for 
oxygen-lree mixtures (II), to include ternary and binary reactions of hydrogen 
atoms with oxygen molecules, an expression is obtained which satisfactorily 
takes account of all the above facts, and from which the quantum effidenoy 
of any mixture varying from oxygen-free to oxygen-rich may be calculated 
to a high degree of accuracy. The quantum efficiendes so calculated vary 
from 10® to 20. This formula, reduces to one similar to the “ hydrogen- 
bromine ” formula of Herzfeld, Christiansen, and Polanyi for oxygen-free 
mixtures, and virtually to the empirical formula of M. C. C. Chapman for 
mixtures containing oxygen. 

The relative values of the velocity coeffidents of the component reactions 
of the reaction scheme have been computed, in conjunction with the results 
of II, and they are found to be in general dimensional accord with each other 
and with the data of other workers where comparable. 

Correction. 

The figures given under Iq in Tables I-IV of Part II (Uxs. cit.) represent the 
actual recorded galvanometer deflection. They should have been multiijflied 
by the correction factor to allow for the absorption and back reflection of the 
optical system. This factor for X == 406 mp is 1*50 for [CIJ a 44 mm. and 
I *49 for [Cy = 67 mm. The figures are then uniform with the other data 
tabulated under Ig in the present paper. 

On p. 114 of Part II ” mU be given in Part III ” should read have been 
given in Part I.” 
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